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i. ABSTRACT 

Fracture mechanisms of graphite-polyimide composite 
material are studied with acoustic emission (AE)« 

Selected for study are four different fiber composite 
configurations, exhibiting specific predominant fracture 
mechanisms, as verified under scanning electron microscope. 
A£ counts, AE-RHS, and load versus time are presented 
from specimen tensile tests. 

A wide band (125 IcHs • 2 MHs) AE recording system is 
used to facilitate the spectral analysis of individual AE 
events. Data auialysis techniques are developed which allow 
for statistical comparison of the similarities between 
groups of AE spectral energy distributions arising from 
specimens having different predominant AE generation 
mechanisms. 

Unique group spectral energy distribution character- 
istics are distinguished in the 90°, 10° and 
(+ ^5°, ± 45°) specimens using the paired-sample t 
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statistical test. However, no unique AE spectral energy 
distribution characteristics are identified in 0® 
specimens. Total A£ energy and AE spectral energy 
distribution appear to be dependent upon specimen load. 

AE event duration is established as a distinguishing 
characteristic between AE of 0° and 10° specimens versus 
AE of (+ 45°, ± 45°). and 90° specimens, 

AE irreversibility or shakedown with respect to load 
is observed to generally predominate for unflawed 
specimens. However, AE irreversibility seems to bo 
violated once an active fatigue crack is generated in the 
specimen during load cycling. 

More rigorous statistical characterisation of AE 
from predominamt fracture mechanisms is recommended along 
with a detailed study of AE dispersion and attenuation 
properties of the composite material. Finally, it is 
recommended that AE mean energy*>stress constitutive 
relationships be developed. 
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I. INTRODUCTION 



A , Background 
1 . Definitions 

a . Acoustic Emission (AE ) 

"Acoustic emission" (AF) means vibrational energy 
released from the incre^^ontal deterioration of materials 
subjected to stress. This phenomenon has been seriously 
studied in materials for the last thirty years. AE has 
been used successfully to nondestructive ly test many 
materials, ranging from m.etals to nylon rope. It has been 
applied both as an early warning system of catastrophic 
failure and as a laboratory tool to study basic material 
■^racture mechanisms. Some of the techniques of monitoring 
acoustic emission are described in Appendix A. 

b. Fiber Reinforced Composites 

Fiber reinforced composites are generally man-made 
m.a'^erials consisting of relatively stiff fibers embedded in 
a more compliant matrix. The application of such m.aterials 
is not really new. For instance, papyrus reeds in a pitch 
matrix were used for small boat construction on the Nile 
River earlier than 3.U00 B.C. Recently, through the 
combination of graphite or glass fibers with epoxy or 
polyimide resins, technology has produced new materials 
having s+rength to weight ratios over three times that of 
many struct\iral steels. Consequently there are potentially 
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'^any advantages which can be gained by using these new 
materials in pressure vessels, high performance aircraft, 
and watercraft. 

2 . AE Ann] i cat Ions to Fiber Reinforced Composites 
a , Previous Work 

Like many other materials, fiber reinforced composites 
generally emit sonic and ultrasonic vibrations as they 
incrementally deteriorate when subjected to stress. The 
first commercial use of acoustic emission was by Aerojet 
General Corporation in I 962 (1). They applied it to fiber 
composite Polaris missile chambers as a safety device to 
warn of premature failure during hydrostatic proof testing. 
From 1962 to 1970, little work was done to further qualify 
acoustic emission applications for composite materials. 

AE has been specifically used to study fiber composite 
failure mechanisms since 1971. Rathbun et al. (2) tested 
standard tensile specimens, each made of clear epoxy 
containing a single strand of glass fibers down the center, 
oarallel to the loading axis. Large AE bursts were 
detected and correlated with the visible appearance of 
fiber fractures. They observed "cone shaped" fissures in 
the epoxy resin in the immediate vicinity of the contracted 
broken fiber tips. Tensile tests of homogeneous epoxy 
specimens produced no AE which could be detected by their 
instrumentation. They conducted additional experiments 
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with ^lass fiber reinforced spherical pressure vessels, 
mountin/?; a pair of transducers for AK source location. 

Their results suf^fi:ested a sifcnificant correlation between 
the number of AE events occurring in a region and the 
number of broken strands in that region. However, they 
found no definite indication in the AE pattern which would 
allow for a prediction of the burst pressure of a spherical 
vessel . 

Liptai (3) investigated tensile failures of filament 
wound ring’s with AE and concluded that a cumulative damage 
fracture mode governed failure of such material. 

Rothwell and Arrington (4) used compression samples 
composed of a transparent epoxy matrix containing a single 
carbon fiber aligned parallel to the loading axis. 
Compression caused the fiber to debond from the epoxy 
causing a visually detectable defect and releasing AE 
detectable by their AE counter. Their studies identified 
two different types of AE patterns. If a debond area 
initially existed in a specimen, AE count rate would 
gradually increase with increasing load on the specimen. 
Undamaged specimens, on the other hand, exhibited suddenly 
large increases in counts (as a completely bonded specimen 
would suddenly debond at a certain load). They emphasized, 
however, that their AE monitoring system could not 
discriminate between debonding, matrix or fiber fracture 
mechanisms . 
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Usinf>: itude discrimination techniques, Swanson 

and Hancock {‘^) correlated one AK count to each filament 
fracture in boron fiber reinforced aluminum, 

Mehan and Mull in (6) attempted to disting;uish 
between AE characteristics of fiber fracture and those of 
fiber debondin^. They suggested that debonding was a much 
more "gradual" event, resulting in a lower energy AE. 

Balderston (?) concluded from tests on notched boron 
fiber reinforced epoxy specimens that resin failure v/as 
characterized by AE bursts of much lower energy content 
than thos° arising from fiber failure. 

Most of the studies mentioned so far largely reported 
results of a qualitative nature and, with the possible 
exception of fiber fracture detection and location, were 
not too successful in characterizing specific failure 
mechanisms with AE. 

b , Quantitative Evaluation of Failure Mechanisms with AE 

( 1 1 State of the Art Limitations 

Suild and Walton et al . (8) stated that acoustic 

emission in fiber composites can be broadly related to 

•material deeradation but that quantitative relationships 

rely te a lar°:e extent upon c” ''C'’ssfu‘^ failure mode 

i d^nt i f ira t * , '^hese ouantitoti v'^ e‘^'^' "ts to 

'■•’"a.raotor ize the nature of ■IE source ■^oehanisms have not 

boer acco’^rl ished . This is unfortunate because fiber 

composite materials usuallv have several failure 
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mechanisms, some critical tci structural strength and 
others which ere not critical. Since all of these 
mechanisms are potential AE sources, the development of 
AE techniques with the capability to distins’uish and 
discriminate between the failure mechanisms becomes 
imnerative. Today there is a flurry of research activity 
directed towards achieving these ends. 

( ? ) Promising: T e chniques 

Two of the more promising techniques seem to be 
amplitude distribution and spectral analysis. 

{ a ) Amnl itude Dis tributio n 

Amplitude distribution is the study of the relative 
population of AE peaks in the time domain, A j^ood 
discijssion of this technique is given by Ono in (Q). 

( b ) Spect r al Analysis 

Spectral analysis is the study of the distribution 
of AE energy in the frequency domain. Carlyle (lOl 
indicated that ■•■h" energy contained in an AE is a 
function the duration and extent of th<=> df'formation 
causing the A'*^. He stated that the total energy of an AE 
is di pertly deprnd^nt upon the magnitud'^ of its source 
deformation me-^hanism. The AE energy, he stated, is 
carried in a frequency spectrum which extends up to a 
frequency which is inversely proportional to the duration 
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of the source event. 

Mehan and Mull in (6) broadly characterized AE spectra 
from graphite epoxy as having predominant energy below 
20 kHz with "different" spectral signatures for different 
failure mechanisms. They oi.aimed that different AE 
spectral signatures resulted from fiber fracture, matrix 
fracture and debonding in boron epoxy composites. 
Unfortunately, their AE system was of only limited 
bandwidth capability and operated at frequencies also 
dominated by natural resonances of the specimens. This 
•^ay have affected their results. 

Pipes et al. (11) reported that the observed spectral 
oontent of the AE from boron aluminum composite specimens, 
v/hich deformed primarily in transverse tension, was 
unaffected when detected vdth either of two different 
transducers, one with a 0.1 - 0,3 MHz band pass filter 
and the other with a 0.1 MHz high pass filter. Other 
specimens, which deformed with large in-plane shear, 
produced auite different spectra of reduced amplitude for 
the same transducer-filter substitution. These results 
mip'ht be construed to imply that AE du" to transverse 
tension deformation contained substantial, spectral energy 
in the bandwidth 0.1 - 0.3 MHz. AE from in-plane shear 
deformation mechanisms might have contained significant 
spectral energy at frequencies outside of the AE 
system’s bandwidth (assuming that the spectral responses 
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of the two attached transducers were approximately the 
same ) . 

Speake and Curtis (1?) attempted to correlate the 
spectra] content of AE with the fracture modes in 
graphite epoxy tensile and torsion specimens. Their 
results were rather qualitative in nature but sus^f^ested 
that fiber breakage mechanisms exhibited spectral energy 
of significantly lower frequency than matrix cracking 
mechanisms. They reported that emission spectra were also 
dependent upon material type, test piece geometry and 
transducer mounting. 

3 . Predominant Failure -lechanisms of Fiber Reinforce d 
Com-posites 

a . Genera] Ca teg'or i zat ion 

Before a successful AE characterization of fiber 
composite failure mechanisms can be ac-'om.pl ished , it is 
necessary to establish the expected mechanisms of failure 
fo'^ specific types of specimens. Fiber composite failure 
mechanisms may be broadly categorized as fiber breakage, 
tensile failure of the matrix, shear failure of the matrix, 
delamination between plies, and interface failure between 
fibers and matrix (such as fiber oullout), 

b . Specimen Selections for Failure Mechanism Studies 

The study of failure m.echanisms can be facilitated by 
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the selection of specimens in which only one to two such 

mechanisms predominate. Potential specimens for study 

are unidirectional 0*^, unidirectional 10^, unidirectional 

90*^, and (+45°, t li5°) . 

~ — s 

^ 1 ) 0° Sicecimen Failure Techanisms 

0° specimens generally exhibit two predominant 
failure mechanisms. Rollings (13) studied radiopjraphs of 
0° boron aluminum fatipae specimens which had been unloaded 
iust prior to specimen failure (as predicted by a suddenly 
increasing acoustic emission rate). He observed that many 
shear cracks had propagated parallel to the filaments 
prior to specimen rupture. In other specimens loaded to 
failure he observed multiple fractures of fibers over a 
very limited length near the crack tip. He beli<»ved this 
to b^ evidence of a "crazing" failure mechanism. 

Berg and Rinsky (l4) examined high speed photographs 
of 0° graphite epoxy specimens. Their results suggested 
that after one main crack propagated across the fibers near 
the testins" machine grins, longitudinal cracks visibly 
opened between the fibers and propagated towards the main 
crack from nucleation sites near the specimen's center. 

All of their 0° specimens shattered with both longitudinal 
and transverse fracture surfaces. They proposed that 
these longitudinal cracks resulted from reverberation of 
the specimen whereby internal stress wave reflections 
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created local sites of hi^?:h transfibrile tension. They 
also nroposed that critical failure in each of the 0° 
specimens nucleated with the rupture of a small bundle 
of fibers at or near the ede;e of the specimen. References 
(13) and disaf^ree on the order of occurrence of the 

two fracture mechanisms in 0^ specimens. However, they 
both recoPTiise the presence of both a lons^i tud inal 
crackina; 'mechanism between fibers and a transverse 
crackina: mechanism across the fibers. Both also specify 
that it is the transverse fiber breakaipe mechanism which 
is critical in 0*^ specimens. 

( 7 i 10^ Snecimen Failure ’''’echani s''^s 

10*^ specimens exhibit only one predominant failuce 
'^er.V'^n i snr, ^ intralaminar sh«ar between fibers alonjp the 
10^ directio’^. ^hamis p;ivps a good discussion of the 

stress distribution which leads to this characteristic 
shear failure in 10° unidirectional fiber composites. 

( 3 ) ^5°, i Specimen Failure Mechanisms 

(+ U-5°. ^ specimens exhibit several failure 

mechanisms. Rotem and Hashin (16) reported that the 
ci + n^^s-stra i n curves from such specimens ^how a plateau 
rf stnaiiiy increasinp: strain under constant stress, 
similar to plastic, yield behavior in ductile materials, 
'^hev observed that the onset of failure in such specimens 
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is not due to intprlaminar shear, but to la-nins orackin^, 
starting: iust before the plateau on the stress-strain 
curve, Crackins: occurs prof^ress ively between fibers st 
various locations, criss-cross ine; the whole speci'^en. The 
nunber of cracks increases with continued e1onp:ation of the 
specimen. In the latter stap'es of failure, interlaminar 
yielding begins, causing bundles of fibers to move and 
change orientation with the load ine; axis prior to 
specimen failure, 

Chane: et al, (17) studied failure mechanisms in 
notched (+ 45^, + graphite epoxy specimens with a 

"-odified X-ray visualization technique. Their observations 
of incremental damaa:e occurring at the crack tins durina: 
ramp loadina: tensile tests su^rciested that matrix failures 
occurred prior to delamination between plies. After 
delamination started, the failure process accelerated until 
total specimen runture occurred. 

Both (l6) and (17) af^ree that failure in a 
^5*^, t specimen is precluded by the nucleation of 

cracks between fibers and is culminated by final delamin- 
ation between plies. 

( ) 90*^ Soecimen Failure "/!e chan isms 

90*^ specimens fail in the matrix alon;^ the direction 
of the fibers. All reports seem to have concurred that 
this is due to tensile failure of the matrix and occurs in 
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a very localized band of the specimen, Liptai (3) 
suffeested the existence of a fatip;ue mechanism in 
rlass/resin systems whereby small cracks initiate and 
pronaffate in the resin phase, where hifi;h localized stress 
concentrations produce small "decohesive" failures. Tt 
might be envisioned that the joining up of these smaller 
cracks into larger cracks of critical length result in 
specimen failure in the matrix between fibers. 

Table 1 summarizes the expected failure modes for 
0° , 10°, (+ ^5^, ± and 90° specimens, respectively, 

c . Random Characteristics of AE and Statistical 
Approaches for its Analysis 

It should be noted that even though a particular 
specimen type may exhibit a predominant fracture m.echanism, 
there is no guarantee that the vibrational energy released 
during each incremental fracture will have identical 
characteristics. Thus it is extremely unlikely that a 
direct comparison between a single AE event and another 
AE event will allow for discrimination of fracture 
mechanisms. However, if a group of such AF events is 
treated as random data and statistically analyzed, unique 
e-roup p’-'operties may become apparent which allow for the 
characterization of individual fracture mechanisms. 

Amplitude distribution, mentioned previously, uses a 
statistical approach to characterize group properties of 
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aoouptic emiRPiona. Howpvpt, ntatistical approaches have 
not been used in most spectral analysis studies of AF. 

B . Ob.jective of This Wo rk 

The ob.iective of this work is to study the AE 
characteristics of graphite fiber reinforced composite 
specimens that exhibit predominant mechanisms of failure. 
An attempt is made to establish an AE signature unique to 
each type of specimen. Primary emphasis is placed on 
establishing experimental and statistical analysis 
procedures for obtaining quantitative distinction between 
the AE snectral energy distributions of specimens 
exhibiting different predominant failure mechanisms. 



?M 



IT. DISCUSSION 



A . Specimens 

1 . Types Selected 

Four specimen types were selected for study. They 

were (as measured relative to the loadiner axis) 0°, tO^, 

and 90 *^ unidirectional and (+ ^5^, ± ^5^) specimens. 

s 

2 . Material 

The specimens were cut from iaminates made of AS-1 
f^raphite fiber (Hercules) in a polyimide, PR-288, neat 
resin (3M). The (+ ^5°, + ^5°)g specimens were cut from 
a sini^le pane] . A portion of this panel was sprayed 
durine: layup between its fourth and fifth plies with 
polyvinyl alcohol, a delaminating agent. 

3 . Fabrication of Specimens 

All panels were die molded and held for two hours 
under a pressure of 2.1? MPa and a temperature of 177° C, 
The finished laminates were found to be acceptable under 
both C-scan and amplitude scan ultrasonic examination. 

Each laminate was cut into a number of specimens using 
a water coaled diamond wheel. Aluminum tabs were bonded 
to the ends of each specimen. These tabs w^re tapered to 
minimize stress concentrations at the tab-specimen inter- 
faces. Each specimen's tab was inscribed with a particular 

(see Table 21. Special grips were 
P5 



identification number 



fabricatf'd "rnr the speci'nena. These were bolted onto 
each of the end tabs and insulated with electrical tape 
(see Fi^re 1 ), 

^ . Srecinen Dimensions 

The dimensions for each specimen are friven in Table 

B . Test Kguinment and Instrumentation 

An FC-500 (Acoustic Emission Technolo^, Tnc. (AET)) 
wi'^e band transdu''‘='r , '^av'nm a’' except i one 1 1 v flat 
’"esponse curve 0\ the 

1 ? kHa ■*"o P Wz. v.'o s used. The transducer's sensitivity 
ever this frequency ranre was apnroximatelv 30.0 
"■ i crovolts/Pa . The transducer was held onto the specimen 
with tvro rubber bands (B.F. Goodrich #12) and coupled with 
AET-SC6 viscous resin (except as noted in Table ^). The 
transducer's output was impedance buffered, amplified by 
60 dB, and frequency filtered (bandpass) betv/een 125 
and 2 MHz (see Fiaure 3). (Note: The filter had 

2^ dP/octave roll-off on either side of the passband.) A 
siama] processor (AET Model 201) provided an additional 
40 dB amplification, counted the num.ber of si^al 
une>'ossin?'s above a pre-set voltage threshold, and 
"'easu'ood the root mean square (RMS) of the signal voltage, 
averaged over 5“^ msec intervals. (See Appendix A for 
"’ore details.) The outputs of AE counts and AE-RMS vrere 
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recorded on an X-Y recorder (Hewlett Packard Model 70^6 A). 
Amplified AE siariala were output from the si^al processor 
to a video tane recorder (AET modified Sony AV-36‘^0) which 
exhibit<=»d a flat reproduction response between 100 kHz and 
7 . MHz. A spectral analyzer (Hewlett Packard Model 8557 A) 
was used to monitor the system’s background noise, 

A.n Tnstron tensile testing machine was used to pull 
the specimens anart. Load versus time was recorded on the 
audio channel of the video tape recorder and indicated on 
the Tnstron machine’s chart recorder. The test 
instrumentation is displayed in Figure 4. 

C , Test Procedure 

Detailed experimental procedural notes are presented 
in Appendix F. Particular care was taken to eliminate 
electromagnetic interference (EMI) by electrically 
grounding both specimen and transducer to the AE system’s 
com.mon ground. As previously mentioned, the specimen’s 
grips and loading pins were also electrically insulated 
from the Tnstron testing machine. To further reduce EMT, 
the transducer’s leads to the preamplifier, and the 
nrea'^pl if ier, itself, were carefully wrapped in aluminum 
foil (ref’ Fipurf’ 3). The specimens were carefully aligned 
in the Tnstron machine's loading fixture. This loading 
fixture was equipped with a universal joint and was also 
free to rotate in the horizontal plane. 
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The specimens were extended at a uniform rate of 

0. 508. mm/min (except as noted in Table 4 ), Several 
specimens of each type were ramp loaded to failure in 
tension while AF was detected, processed, and recorded. 
Other specimens of each type were loaded, unloaded, and 
reloaded to allow for the monitoring and study of any AF 
shakedown behavior which might be displayed. After the 
specimens had been extended to failure, their fracture 
surfaces were carefully retained for later examination 
with the scanning electron microscope (SEMI. 

D. Data Analysis Procedure 

1 . ^ SEM) Evaluation of Fracture Tins 

The fracture surfaces from various specimen types were 
exa’^i.ned under SEM. Particular attention was paid towards 
establishing the specimens' predominant fracture mechanisms 
and observing any characteristics which might be unique to 
f’^actu’^ed surfaces from specific types of specimen failure, 

2 . AE Counts. AE-RMS and Load 

AE counts, AE-RMS and load were all normalized with 
r'^sTv^ct to each parameter's maximum value which occurred 
durinc the test. This type of presentation facilitated 
identification of data trends. 
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3 . 



Spectral Analysis 



a. AE Just Prior to S p ecimen Rupture 

AE p;enerated just prior to each speci'nen’r rupture 
were spectrally analyzed in an attempt to identify the 
"spectral si^atures" of each of the specimen's critical 
predominant failure mechanisms. 

h. AE Spectra at Various Loads 

AE from (+ 45*^, + specimens at various loads 

o 

were also spectrally analyzed, seeking to establish some 
preliminary evidence of spectral energy distribution 
trends which mieht be related to the specimen's load. 

e . Spectral Analysis Procedures 

The taped records of the AE were replayed on the 
video tape recorder. This recorder offered the facility 
to ei.owly scan the test record and locate an individual AE 
event. The recorder could then be set ir a "stop action" 
node, replaying the same signal ‘^ixty times per second. 
This resul+ed in an ef-^ective transformation of a 
transient event into a periodic signal. This periodic 
sierial v/as multiplied by a synchronized time gate. The 
ti-^e gate conld be adjusted in width so that it only 
permitted the signal to pass during the AE event. Tt is 
important to note that any AE event was actually 
c’lperposed upon the system's background noise, similar to 
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that which existed just prior to the AR event. (see 
Appendix A for more details) 

The resulting si^al was input to the spactral 
analyzer. The spectral analyzer was operated between the 
frequencies 1?5 ’kHz to 2 MHz (swept at 20kHz/sec). with 
a maximum resolution of 10 kHz. After it became apparent 
that there was little spectral energy present above 1 MHz, 
only spectral densities between 125 kHz and 1MHz were 
recorded. One half of a two sided spectral density was 
nlotted on the X-Y recorder. First the spectral density 
of the AE si^.al superposed on back^roxmd noise was 
nietted. T’hen the tine gate was adjusted to input an 
equal ti’i'e sampling of only the background noise which 
was present just prior to the AE event. (Tt was recognized 
that there was no guarantee that the background noise 
nrecedinp’ an AE event was identical to the background 
noise occurring during the AE event. However, this noise 
sample was assumed to be a fair estimate of the energy of 
the background noise which was present during the AR 
event. ) This sample of background noise was input to 
the spectral analyzer. The spectral density plot of the 
background noise was then reproduced on the X-Y recorder. 



30 



Cal rulations 



a . Cornputer Processing; and Spectral Density 
Normalization 

Spectral density plots were digitized and computer 
P’^ocessed. (The computer program 3s listed in Appendix B). 
The co”'puter subtracted the energy spectrum of the 
background noise from the energy spectum of the acoustic 
emission event plus background noise. The resulting 
snectru^ was representative of that arising from only 
the acou‘=:tic omission event itself. This spectrum was 
normalized with respect to overall energy content, (The 
anea under each 10 kHz increment of the curve was divided 
by the total area under the curve from 125 i^Hz to 1 iVIHz,) 
Through this normalization procedure, one AE event's 
spectral energy distribution could be compared to another 
event's spectral energy distribution, independent of the 
total spectral energy content of each event, 

b , Calculation of AE Spectral Energ^^ AE Pressure and 
Normalized Spectral Eneres^ Distribution 

AE events detected just prior to each specimen's 
failure were used for statistical energy analysis. The 
spectral enersy, RMS vibrational pressure across the face 
of the transducer, and normalized spectral energy 
distribut’on were calculated for each AE, The total 
enerpy (between 1?5 kHz to 1 MHz) corresponding to each AE 
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pvf'P"'' v.'BP npp>^oximat.pd by f^ultiplviny thp aqiiara of the 
pv<^nt'B voltaP'e hy tha duration of the event (an 

neaaured by the time p;ate ) and dividine; hy the input 
imnedancc of the spectral analyzer ( ohms). The square 
of th.o event's R!V’S voltame, contained within the frequency 
hand of interest, was obtained from the intep‘ra.1 of the 
AT event's spectral density. This mean squared voltaere 
corresponded to the filtered transducer response amplified 
X lo"^. Given that the averaa-e transducer sensitivity, 
over the frequency rana'e 125 - 2000 kHz, was about 
30 m icrovol ts/Pa , it was possible to calculate both the 
e-^pl ified spectral ener^ per AE event and the AE pressur-e 
f RMS ) exci+etion of the transducer hy use of the 
followina- eouations: 



event's 
enerfpy after 
amnl i f icat i on 
( Joules ) 



? (su^ X 10“^) volts^pp^c,>j X (nr) spc. (1) 
50 ohms 



RMS pressure 
f rom A.E 
excitation 
on the face 
the 

transducer 

( Pa ) pr;iq 



3 - 

(2 (sum X 10 ))■ mi crovoltSpj^„g 
(30) microvolts/Pa x (10^) amp 



(2) 
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Wherp (su'T') is o\itput fron conputer pro^rran in Appendix 3 

and is the intee;ral of of the spectrum x 10”^ from the 

frequencies 125 kHz to 1 I'fflz. 

3 p 

(2 sum X 10 i - where V is in microvolts. 

fDE) = duration of event or time p^ate width in seconds. 
Average transducer sensitivity = 30 microvolts/Pa . 
Amplification = X 10^ 

Spectral analyzer innut impedance = 50 ohms. 

5 . Paired-Sample t Statistical Test 

Groups of AE event normalized spectral energy 
distributions were used to generate a mean normalized 
spectral energy distribution for each specimen. Due to 
the random nature of the AE events, it was decided to use 
f'ach specimen's mean nocpial ized spectral eneray 
distribution in any tests of the statistical similarities 
between the aF spectra of different specimens. Each 
specimen’s mean normalized spectral eneray distribution 
would, hopefully, have certain unique characteristics 
conveyed to it by the a;roup statistics of the specimen's 
predominant failure mechanisms. 

The mean normalized spectral enerfp/ distributions 
were statistically compared for similarity, two at a time, 
usin? the pa i red-sampi e t test (see Appendix D), This 
tested the hypothesis that the two specimen spectral 
distributions actually came from one sample population 
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and, thereforp, had an identical "true" nean spectral 
anerry distribution. Each pair of speoimen mean 
noT’^alizad spectral ener/^ distributions was statistically 
axamined at 6E different frequencies from kHz to 

800 kHz. A level of sim i f icance of 0.7^ was used for 
this evaluation. 

6. A E Shakedown 

Finally, a brief examination was made concerning any 
acoustic emission irreversibility or "shakedown" behavior 
which might be occurrinp- in the specimens. Tn several of 
the tensile tests the specimen was loaded, unloaded, then 
reloaded prior to its rupture. Absence of acoustic 
emission during reloading would indicate acoustic emission 
irreversibility with respect to its load. 
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TTT. RESULTS 



A. SE^I RpsultP 

Each speci'nen type failed in a characteristic manner 
(Fijpare 5 ). Ail of the 0*^ specimens shattered with both 
transverse cracks propaf^at ina^ across the fibers and 
lonsi tudina ] cracks propap;at ine; between the fibers. 
Scannins; electron microscone (SEV) examination showed 
relatively smooth shear surfaces aione^ the longitudinal 
cracks with occasional apnearance of multiple fissures in 
the matrix aligned in a "fishscale" nattern along the axis 
of the fibers. Transverse cracks appeared to be jagged 
'•nth fractured fibers and holes giving much evidence of a 
fiber bundle pull-out mechanis'^. Fipnre 6 shows typical 
fracture surfaces of a 0*^ specimen. 

Each 10® specimen sheared along the fibers’ axis. 

SE!V examination showed a fishscale pattern in the matrix 
between mostlv unbroken fibers (See Figures ? and 8), 

The QO® soecimens visually appeared to have cleanly 
separated in the matrix between fibe’^s. However, SFIVI 
exa-'^ination indicated a surprising number of broken 
fibers alonF the fracture surface suggesting some crack 
bcanchinF th’^o’ugh several fiber layers in a relatively 
earro'Af fracture zone. The matrix showed many small clacks 
and scales appearing to have no preferred orientation 
( sop Pi prgne 0 1 . 

The specimens failed with separaticri 
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between fibers through the sreci^^en's outer plies, Tnner 
plies see'r'efi to have failed in fiber fracture. SFM 
examination indicated much evidence of fiber fracture and 
de lamination in the fracture zone between the outermost 
front, and back plies and the remainder of the specimen 
(see Figure 10). 

The one uncoated (+ ^5^, ± 45°) speci-^en failed in a 

s 

similar manner as the (t 45®, + ^5°)^ coated specimens. 
This was probably due to the fact that the pvA coating was 
’^i^'takenly applied betwoAn th» fourth and fifth plies. 
Since, in this symmetrica] laminate, th.o fourth and f’fth 
r>] Af fiber orientations wero identical, a delaminating 
ament such as FVA would be pxpected to have little, if any 
effect upon the failure mode of the specimen, 

B . Time Domain Chaoacteri s t i cs of AF 

The time domain acoustic emission bursts exhibited 
some differonces among specimen types Csee Fig’jres 11 
throu<3-h 171, 0® specimen acoustic e-^iasions were typically 

of large amplitude but very short duration. 10° specimen 
acoustic emissions exhibited similar amplitudes but lasted 
for somewhat frroater durations. 90° snecimen acoustic 
o^-isslons wer<= of similar amplitude as the 10° and 0° 
specimens. However, the durations of the 90° specimen AE 
bursts were substantial t y longer. (+ 45 °, ± 45 °)^ 
specimen AE bursts were generally greater in both 



a’Tiplitude and duration than those of any of the other 
speci^nen types, 

C . Load, AE Counts, and AE-RMS 

Load, counts and AF-RMS are each plotted as a 

function of time in Pitres 18 throu^rh 32. Table 4 lists 

ultimate loads, AE counts threshold, total AE coimts , and 

the distance of the failure from the transducer. Table 5 

summarizes the mean and standard deviation of each 

specimen type failure load. The quotient of the standard 

deviation divided by the mean is presented as an indication 

of the "decree of scatter" in the rupture strength of the 

specimen types. The 0*^ specimens showed the greatest 

scatter in their failure load as evidenced by a degree of 

scatter which is greater than eight times that of the 10® 

or (+ ^5°. i ^5°) specimens and more than two and a hal 

s 

tim.Rs that of the 90® specimens, (This large variation in 

the failure strength of the 0® specimens is similar to that 

reported for 0® specimens by Pipes et al. (11).) 

The 90® and 0® specimen types exhibited highly linear 

load versus time behavior (at constant crosshead 

displacement ’^ate). The 10® specimen's load versus time 

curves became somewhat nonlinear at about 80^ of their 

final failure load. This corresponded to a sudden 

increase in acoustic emission counts and acoustic 

emission RWS. The (+ ^5^. i ^5°) specimens exhibited a 

s 
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sli°:htly decreasing load plateau with increasing crosshead 
displacement just prior to failure (somewhat reminiscent 
of the load versus time behavior of a ductile metal). 

This coincided with a sharply increased acoustic emission 
count rate and a large increase in the A.E-RMS. 

Several specimens, cut from the same panels as the 
ones used in these tests, were strain gauged and tensile 
tested in similar grip fixtures at the NASA lewis 
Research Center in Cleveland, Ohio. Their measured 
elastic coefficients and failure stresses are presented 
in Table 6. 

D . Total Snectral Enere:y oer AE and AE Pressure (RMS ) 
Excitation of Transducer 

The results of equations ( 1 ) and {?) applied to each 
individual AE that was analyzed, are presented in 
tabular form in Appendix C. The mean results of the AE 
from each specimen are summarized in Table 7. These 
results show a surprising variation between specimens of a 
similar fiber orientation. Other than reflecting a 
possibly inconsistent operator's bias in choosing the 
acoustic emission signals to be analyzed, or the limited 
nu"^ber of samples which were taken from each specimen, no 
rational explanation can be given for this somewhat larsre 
variation in mean energy or RMS pressure per AE event 
amone: similar specimens. (Tt is possible that extending 
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thp of the AE syf?t®ni below 1?5 mirht havo 

•roa’ilted in "ore conoirtent results, but this is sheer 
oon.iecture, ) This wide veristion in the mean enert^r per 
AE event e'"rheri7,ed the i"po''~t?nce of normalizing a 
spectrum with respect the total AF event’s energy 
before making any cross comparisons of two different 
AF spectral energy distributions. 

^ . Normalized Snectra l Energy Di stributi ons 
1 , Individual Spectral Distribution s fo^ Each AE Event 

The normalized spectral energy distributions for each 
AE event v/ere plotted and appear in Appendix C. These 
Plots are normalized by dividing the area under each 
10 kHz inccement of the AE spectral energy density curve 
by the to+al area \jnder the curve between the frequencies 
125 kHz - 1 MHz. Consequently, the units for the Y axis 
are dimensionless. As mentioned previously, due to the 
candom nature of AE events, any one to one comparison 
bo tween individual AE event spectra is probably of 
questionable value. However, these spectra provided the 
data which allowed for the generation of the mean 
oo'^’nalized spectral energy distribution for each specimen. 
This "oan snectral distribution would, hopefully, exhibit 
certain unique group statistical properties, conveyed to 
it from, the predominant failure mechanism.s of the specimen. 
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? . lV!e-Tn Nor'nqiiy.ed Spectral Energy Dis t ribution 

The nor^ial ized spectral enerry distribution for 

each sppci'>'en was derived fro"!! its individual AE event 
snectral densities. These appear in Fir:urea 33 throuP'h 47. 
("The rear normalized speetral enerfry distribution is the 
curve labeled ^ 1 .) Each s:raph also indicates plots which 
ane on« standard deviation from the spectral distribution 
of the mean (curves labeled 2 and 3^. As previously 
mentioned, the Y axis units on these curves are non- 
dimensional and indicate the a;roup statistics of the 
mean relative distribution of total AF eneT'D-y versus 
frequency, Tt was very difficult to qualitatively define 
the differences between one mean n'^rma''ized spf^ctrum and 
annther. V/ith the exception of the spectrum of specimen 
■^V5C'\ (Fipair« 44), all spectra exhibited sis:nificant 
relative ener^ry up to at least 700 kHz, The 90^ and 10*^ 
snecimens' spectra (Fi^pires 33 to 39) generally showed 
mor^^ uniform energy distribution than the 0^ and the 
45^^, + 4^^°)^ specimens' spectra (Figures 4o to 47''. 

/■■ll four 90^ specimens exhibited very similar ^ean 
normalized snectra (Figures 33 to 3^). Of the three 10^ 
speci-T^ens, tvIF (Figure 37) showed a greater spectral 
'^nergy contf’nt in the frequencies below 250 kHz, 

'■necimrvn foiled somewhat further from the transducer and 
at a low-^r load than the other two 10*^ specimens (Note 
Table 7). 
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Thf' 'npan nor-nal i zod r?ppctra of thr 0^ oppcimonn 
varied wideiy fro-n apeeimen to specimen. Specimen T.V^>C 
(Fie:urp 4o), which had an extremely hich failure load of 
32.47 kN, exhibited a very flat and featureless spectral 
distribution with significant relative energy up to 1 MHz. 
Specimen TV5H (Figure 43), which had a relatively low 
failure load of I 6 .OI kN, exhibited little relative 
spectral eneray above 600 kHz and more enersy proportion- 
ately in the frequencies below 250 kHz. Specimen LV5D 
(■c'ip-ure 4i ) apneared to have spectra significantly 
different than any of the other 0 ° specimen spectra, 
particularly a rather large relative eneray component in 
the frequency ranr:e ?00 to 1,000 kHz. Tt should be noted 
that specimen TV5D was loaded, unloaded, reloaded, 
partially unloaded and then reloaded to failure, (see 
Figure 26 .) Tt was the only 0 ^ specimen which had such a 
load history nrior to failure. 

Three of the four (+ 45^, + 45° specimens displayed 
a -^.ajor proportion of their spectral energv content below 
400 kHz. Specimen IV5CT (Figure 46) was the only 
exception, displaying a significant percentage of spectral 
enere^/ between the frequencies 400 to 60 O kHz. No 
particular evidence in the loading, failure load, or 
fracture tips could be found that would account for the 
apparent difference in the relative spectral energy 
distribution of specimen IV 5 CT. 
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Pai red-Samplp t Statistic Results 



Each -nean normalized f5peotrum wan examined 
ntatlntical ly uning the pai red-nample t tent. Thin test 
calculates the difference between two mean normalized 
spectra at various frequencies. It either accepts or 
rejects the hypothesis that "both mean normalized 
spectra come from th“ same "master" normalized spectrum.," 
Usin^ the rather high l.evel of significance of 0,7^ and 
examining each pair of mean norm.alized nnectra at 68 
different frequencies (between 1?5 i^Hz and 800 kHz), the 
test gave rather nromising results. Table 8 gives the 
oercentage of specimen pair comparisons for which the 
hypothesis that "both specimens had the same spectrum 
of relative spectral energy distribution" was not rejected 
The higher the number on this chart, the m.ore similar are 
the spectra. With the exception of 0*^ - 0° comparisons, 
like specimen comparisons resulted in a lower percentage o 
hypotheses rejections than comparisons of unlike specimens 
rther in.'^erences relating to the relative similarities of 
snectra from different specimen types also might be made. 
For instance the implied similarities resulting from the 
comparison of 0^ to the (+ ^5*^, i ^5^) spectra and the 
90^ to the ± ^ 5 ^)^ spectra may have some sign if i- 

''an.ee reiatina to the common mechanisms of fiber fracture 
in the first case and cracking between the fibers in the 
second case. At any rate, Table 8 shows that the paired- 



sanrolP t <=!tatiRtio tpst can discri minat.n between various 
sped Tier, types based unon the mean normalized spectral 
eners^y distributions of their AE. 

G , AE Spectra at Varinur Loads 

Acoustic emissions from the (+ 4*5° 45^) snecimens 

v'ere sampled at various loads of each specimen’s tensile 
test. The spectral «»n“r^. pressure, and speci’^en load is 
tabulated for each AE and presented alon^ with the 
respective normalized spectral energ:^’’ distributions in 
Appendix P. 

It is unlikely that enough acoijstic emissions were 
sa’^Pled at each load to p’stablish any statistically valid 
trends or q\iantitat ive conclusions. However, it appeared 
that the acoustic emission spectral densities shifted from 
a v'ide band distribution to a predominantly lower 
freauency distribution iust prior to specimen rupture. 

Vore extensive sampling and use of the paired-sample t 
•’■est would be required to verify this suspected spectral 
distribution trend. 

H . Obs er vations Concerninp' AE Shakedown 

Acoustic emission irreversibility was studied in 
specimens T.v'iOG, LV5D, LV2K, LV2G, and LV4C. In the last 
four specimens acoustic emission appeared to be 
"ssentially irreversible. (s^'o Figxjres 26, 24, 23, and 3^ 
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respectively.) Once acoustic ernissions had been detected 
in a particular load reg;i"ie and the specimen had then been 
unloaded, reloadin.^ throuj^h the same load regime resulted 
in detection of very few additional acoustic emissions 
untij the nrevious "maximum historical load" had been 
surnassed. However, after the third loading cycle of 
specimen LV5CG, (see Figure 45) a crack was visually 
observed extending partially across the specimen. During 
reloading of the fourth ci/cle, siibstantial acoustic 
e-^ission was detected as occurring well before the 
nrevious maximum historical load. Specimen LV5CG ruptured 
'during the fourth cycle at a lower load than its 
~'aximu'^ historical load. Tt failed at the crack which had 
been observ^^d earlier in the test. Several AR spect'ca 
samnled dvirina’ its fourth loadina: cycle are presented in 
Anpendix E. LV5CG was the only specimen given cyclic 
loading- in which a crack was visually detected nrior to 
sneci'^cn rupture, so it was not possible to establish any 
reneatable observation of this apparent violation of AR 
irre versibility , 
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TV. CONCLUSTONS 



A, A propram to invest ip;ato the acoustic emission of 
eiraphite fiber polyimide composite failure mechanisms has 
been conducted. 

3. The nredominant failure mechanisms of the 
specimens are as follows: 

1. 0° unidirectional specimens fail in fiber fracture, 
fiber pullout, and matrix shear. Small fissures, resulting 
in a fishscale pattern, are formed in the matrix during 
the process of fiber pullout and may be the source 
mechanism of a significant number of lower energy acoustic 
“missions . 

2 . ■'0^ unidirectional specimens fail in intralaminar 
shear occurring nredominantly in the matrix between the 
fibers. The fracture surfaces of these specimens are 
covered with the characteristic fishscales indicating 
many potential sites for AE generation. The sheared 
surfaces of the 10*^ specimens seem to be very similar to 
the longitudinally cracked fracture surfaces of the 0° 
specimens, 

3. 90° unidirectional specimens exhibit a layered tensile 
failure of the matrix v/ith some branching between layers 
causing occasional fiber fracture. 

U, ^5°, ± ^5°) specimens fail incrementally with 

crackjn growin;^ in the ir^.atrix between fibers; from many 
initiation ait^r. alonp* the ^^dges of the anecimen*s 
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r;urface pliaa. These cracks appear to propagate 
e;radually towards the center of the specimen durine; the 
tensile test, well before specimen supture. Delamination 
of the surface p] ies can be visually detected immediately 
prior to specimen rupture. Most of the inner plies of the 
fracture surface fail in fiber fracture, 

(1, All four specimen types generally exhibit significant 
increases in normalized acoustic emission count rates at 
about 80^ of the specimen's ultimate load. The AE-RMS 
generally exhibits characteristics simi'lar to the AE 
count rate trends. Normalization of the load, AE counts, 
and AE-RMS aids in establishing general trends of the 
data, and compensates for some of the experimental 
variability in such parameters as the AE voltage threshold, 
specimen failure load, distance from the AE generation site 
to the transducer, etc. 

D. Scatter of the specimen ultimate strength data, for 
sim.ilar specimens was reasonably small (see Table 5 ) v/ith 
the exception of the 0*^ specimens. It is possible that the 
0*^ speci-^ens are particularly sensitive to alignment in the 
loading fixture such that any slight deviations in 
align-^ent greatly effect the specimen's ultim.ate strength. 

E. The mean spectral energy per AE event exhibits 
inexp.1 icably large variations among specimens of similar 
fiber orientation (see Table 6). If these values are 
averaged over each specimen group of similar fiber 
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orientation, th^ followinp: oo'nparinons can be made; 

1, The averae;e AE event's spectral enerp;y is similar 

immediately prior to specimen rupture in the 90^ specimens 
and the ^5°, + specimens with values of 

22.6 X 10 ^ joules and 22,0 x 10”'^ joules, respectively. 

2. The average AE event's spectral ener^ for the 10° 
and the 0° specimens sampled just prior to specimen 

rupture is of substantially lower mafpaitu.de with values 

-6 -6 

of 1.4? X 10 joules and 1.54 x 10 joules, respectively. 

'^hourh the AE from different specimen types g^n^rally 
shov? only minor differences in volta^^e a’^plitxide, 
snecimen types can be distinguished, with a wide 
frequency bandwidth AE system, by the characteristic tim.e 
duration of their AE events. Since spectral energy is a 
function of both AE voltage amplitude and AE event 
duration, the similarities of AE voltage amnlitude, 
amonf' all of the specimen types tested, lead to the 
conclusion that the duration of the AE event has the 
greatest effect on the total spectral energy of an AE 
pvert . 

G. 'T’he p’^ocedure of normalizing the AE spectral energy 
density with respect to total spectral energy allows for a 
statistical evaluation of the similarities between 
spectral energy distributions from different AE events 

^or aroups of events). 

H, A paired-sample t statistical comparison of mean 

4? 



i 7,p(i d i nt.r' i hut i on'' onn o.uccnoof'ul 1 y 

di<'rr;mim+o bntw<'>on AFl of 10*^, nnd (+ 45*^, + 

''.poo'""ipnr ^ noo Tnblo 8), Thi'^ toot, o^nno^■ no'^iovo 
<'>’tbor conolijoivp di'^tinotion nr uniou'^ rooorri i t ion of AE 

r\ 

fr'Q^ 0 1 Tif^nr. whi^h pyh^hitod wid^ vnriatior.F? in 

fa i lo-^d '^nd r<=‘1ativa mortral erM^'^^P’y d i rtr ibuf i onf^ , 

Ra*^ina"^ant such a F^tat i r^tica.l anproaoh will require 
^p.r\y ’^nne qnbianad AE s^a’aplp? than nonld be analyzed in 
thi? work. 

T, Pr'pib^fnpry rpnultn that AE ^nneetra obtairnd 

^5^) Q-j-jp p T nr,^y-, P a "pp ont inden'^ndpn t nf 
— - - f5 ' 

-peei'^en lead, Tn addition, AE oecurrln^^ at higher loads 
rrr^pppp ] T pyhibited p'reat^r spectral content (se^ 

Appendix E 'I, A oonatJtutive relationship between ’^.ean AE 
<^vent enere?/ and sneci^.en load nay exist. Other pessible 
i ^ ca i ons are the existence of a, load dependent 
oT^potp'^'^ d*’spersion rel ati^nshl p or the relative 
pr^do"^ i nanoe nt diftppent AF P’oneration nechanisns at 
di'^fe’^O'nt leads, 

t, Tn '^est eeaea the sneeind^ns exhibit A^ i rrevers i bil i ty 
c,y.^ypqpv/n v/ith respect to ‘^peoi’^en load. However, 

■p'^e 1 ^ i na ■*^y observations suerest that this AF 
1 y^y>overe i hn i ty behavior is violated epee p visible ^rpck 
has -^oT'^ed in the snecinen nrior tn sneciren nurture, (see 
Fipure 4^.^ This conclusion is based upon the test resiJlts 
of speci-^en TVSCG.(see Annendix F, 1 
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RKnO’'/r'.TENDA "T T CN?^ 



iVTo-rp rvo-orour, Ptat. i i on 1 charaotori zat i on of tho AE 
c'-pootra froT pre<^ominant fa i Turn 'poohan i rmn ahmilri bo 
nerformod. 'Thin can bo aooornpl ’ abed by onalyziny piany 
•acre AE from each snoci'^on to allow for better esti'^at.os 
'^f their "lear normalized apeotral eneryy diatei but Ion . 
Inducement of certain modea of failure by flaw simulation 
should also bo considered. 'T’he paired-sample t statist ioal 
teat should be usod to evaluate the uniqueness of A.E 
spectoa.l charaeter i 7.at ions . 

b. AE enerpo/- vs stress const i tut ivo relationships 
should be investia:atPd . The beat approach to such a 
etudv will nrobably be a statistical one in which the 
'"opn AE enecav is ■^elated to the "'aterial's atade of stress, 
. A^ dianersion relationships and attenuation 
characte'oistics in the composite specimens should be 
studied. Understanding the dependency of the mean AE 
enerjry'’ content to the state of stress and proximity of 
the AF site from, the transducer can th^n be used in 
con.iunc + ion with an AE locator to refine the AE 
charaetcrizat i on of fracture "'echenisms, 

. ¥ore acanninc; electron microscope examination of the 
cnecimena' f’^acture aurfacon i c- recommended . SEW analysis 
toohniou/'s should be established to aenerat® quantitative 
es+imat,ea of the relative p:^edominance of specific 



Uq 



fracture -mechanisms. 



5. AE aTplitude distribution oharact°ri za t inn of 
pradorr, inant fracture 'Tie chan i s ns should he attempted, usinfr 
a narrow band, resonant transducer, AE system. 

6. AE pulse duration distribution characterization of 
predo""inant fracture mechanisms should be attempted, usiner 
a wide frequency band, "flat" transducer, AE system, 

7. A data interface between the spectral analyzer a’'d 
a eor^puter compatible hard copy device (mapyietic tape, 
floppy disk, paper tape, etc.) should be designed to 
“^nable the ranid data analysis of many AE, Alternatively, 
the use of +he TWT AH X-Y plot reader in th° MTT Joint 
Eo-^puter Eaci'’ity could be nroa;ram-‘od for writine; spectral 
da'^a ento floppy disk ste’^a^'o for later prccessinq. 

R. ^coum'+ic e-nission irreversibility or shakedown should 
be specifically investigated in fiber composites. 

Euch a study should examine the AE characteri sties of 
specimens with knov/n flav/s or damage induced after 
prest*'ess ir F of the material. 
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FIGURES AND TABLES 







Figure 1 - Insulated grips, specimen, and transduce" 
attachment . 



5 ^ 



Fi?:;ure 2 - Transdiicf^r Response Curve 



Acoustic Fmission Technolofry Transducer No. FCiOOHD (1037“^) 



Sensitivity 
in dB 

(re 1V/>.Bar) 




.1 .5 .9 1.3 1.7 2.1 



Frequency in MHz 





Figure 3 ~ Transducer leads and preamplifier shielded 
against EMI with aluminum foil. 




Figure 4 - Test instrumentation. From right to left: 
Spectral analyzer, X-Y recorder, video tape 
recorder with gate unit, signal processor, and 
oscillorcope with signal generator (below). 
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F5 5 



- Typical 
type s . 



(± ‘‘ 5 °, 



fracture 
From top 



± 45 °) 



s ’ 



modes of the four specimen 
to bottom: 90°, 

10° and 0°. 
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Fi^re 6-0° Fracture Surface 

Scanning Electron Microscope 
at 300 X Magnification 

These are typical transverse (foreground) and longitudinal 
(background) fracture surfaces of 0° specimens showing 
evidence of fiber fracture, fiber pullout and matrix 
shear. 

(Note the fishscale pattern in the matrix at top center.) 
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180 X 



Figure 7 and 8 - Fracture Surfaces of 10® Specimens 

This was the typical appearance of the sheared fracture 
surface of the 10° specimens under the scanning electron 
microscope. Surfaces generally exhibited sheer cf th^» 
matrix with very few fiber fractures. Notice the 
characteristic fishscale appearance of the matrix. 




1000 X 
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3000 X 

Fi^re 9 - Fracture Surfaces of 90° Specimens Under 
Scanning Electron Microscope 

This is a typical fracture surface of a 90° unidirectional 
specimen. Note the broken fibo’^s and the appearance of 
multiple fissures near fiber tips. Scales in the matrix 
follow no distinct pattern. 
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Figure 10 - Fracture Surface of (+ 45°, + 45°) Specin-.^n 

o 

Scanning Electron Microscope 
at 100 X Magnification 

This is the typical fracture surface of the (+ 45°, 45°) 

specimens. Notice the first ply at the left hand side 
which has failed in matrix tension, the delamination '->f 
the second and third plies, and the extensive fiber 
fracture in the remaining plies. 
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Figures 11 and 12 -• Specimen LV5C 
0° unidirectional 

Y axis = 500 mv/div X axis = 50 microsec/div 

Load = 15.57 kN 




Figure 11 - Ungated Signal Figure 12 - Gated Signal 



Figure 13 

Specimen LV4C 
10° unidirectional 
Y axis = 500 mv/div 
X axis = 100 microsec/div 
Load = 6.89 XN just prior 
to specimen failure 




Figure 13 ~ Gated Signal 



Figure 14 

Specimen LVIB 
10° unidirectional 
Y axis = 500 mv/div 
X axis = 70 microsec/div 
Load = 6.4 kN just prior 
to specimen 




Figure 14 - Gated Signal 
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Firure 15 

Specimen LV2G (ungated) 
90° unidirectional 
Y axis = 500 mv/div 
X axis = 100 microsec/div 
,oad = 0.80 kN 



Figure I 6 

Specimen LV2B (ungated) 
90 ° unidirectional 
Multiple Emission 
Y axis = 500 mv/div 
X axis = 200 microsec/div 
Load = 0.85 kN 




Figure 1? 

Specimen LV5CI (gated) 

(± ^5°. ± '* 5°)3 
Y axis = 500 mv/div 
X axis = 200 msec/div 
Load = 2.22 kN 
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Figures 18 - ?2 



Toad, Acoustic Eniisslon Counts, and Acoustic Emission 
versus Tine. 

’'Joto ; To facilitate data presentation, each parameter is 
normalized with respect to its maximum value occurring 
during the test. To obtain actual parameter values, 
multiply the normalized value by its respective 
normalizing factor which is ^iven on each g;raph. 
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Fi^^ure 27 
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Figure 29 
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Figure 31 
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yigtf?? .33 * 47 

Hftin WorwliKd Spiotral Eiwrgy Diatrlbutiona 



1. Cunre #1 of each of the following figures represents 
the mean of all AE normalised spectral energy distributions 
(see Appendix C) which were analysed for the particular 
specimen identified on the X axis. 

2. The AS whose normalised spectra were used to generate 
these Biean statistic# were all sampled just prior to the 
rupture of eaeh specimen. 

3. Curres #2 and #3 are plotted one standard deviation 
from the mean (curve #1). (However. Curve #2 is somewhat 
distorted because negative values were plotted as sero 

on the graph.) 

4. The units of the Y axis are non-dimensional. 

5. See Appendix C for more details on the energy 
normalisation procedure. 

6. Also see Table 6 which summarises the number of AE 
spectra used in the generation of eaeh figure and the 
total energy used in the normalisation procedure. 
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Figure 31 

I Notei Curve - Mean Normalized Spectral 
Enerp^y Density 

Curves and #3 “ One Standard 
0.15 - Deviation from the Mean 
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FREQUENCY ( KHZ ) LVSB 



Fi/yure 34 

Note: Curve #1 = Mean Normalized Spectral 

Energy Density 
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Figure 35 

Notej Curve #1 = Mean Normalized Spectral 
Energy Density 
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FREQUENCY ( KHZ ) LVSG 
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Figure 37 

Note: Curve if\ = Mean Normalized Spectral 

Energy Density 

Curves ff2 and #3 = One Standard 
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FREQUENCY ( KHZ ) LVIB 



Figure 38 

Note: Curve #1 = Mean Normalized Spectral 

Energy Density 

Curves #2 and ^3 “ Standard 
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FREQUENCY ( KHZ ) LV4A 
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FREQUENCY ( KHZ ) LV4C 



Figure 4o 

Note I Curve #1 = Mean Normalized Spectral 
Energy Density 

Curves #2 and ^3 = Standard 
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FREQUENCY ( KHZ ) LV5C 



Figure 4l 

Note I Curve #1 = Mean Normalized Spectral 
Energy Density 

Curves #2 and #3 = One Standard 




FREQUENCY ( KHZ ) LV5D 



m 



I 



i 



Figure U-2 

Note I Curve #1 = Mean Normalized Spectral 
Energy Density 

Curves #2 and #3 ” Standard 
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FREQUENCY ( KHZ ) LV5G 



Figure 43 

Notej Curve #1 = Mean Normalized Spectral 
Energy Density 
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FREQUENCY 



Figure 44 

Note « Curve — Mean Normalized Spectral 
Energy Density 

Curves #2 and = One Standard 
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FREQUENCY ( KHZ ) LV5CA 



Fig:ure 45 

Note j Curve #1 = Mean Normalized Spectral 
Energy Density 



fU 




o 

o 

o 



o 

o 

CD 



O 

O 

ID 



O 

O 



O 

O 

ai 



o 

aj 



mom 

xH O 



O 

O 



o o o o 



o 



3anii"idHv aBznvwaoN nv3w 



93 



FREQUENCY ( KHZ ) LV5CG 
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FREQUENCY ( KHZ ) LV5CI 



Figure 4? 

Notet Curve #1 = Mean Normalized Spectral 
Energy Density 

Curves #2 and #3 = One Standard 
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FREQUENCY ( KHZ ) LV5CJ 



Table 1 

Expected Failure Modes of Specimens 



Specimen Type 


Expected Failure Modes 


0° 


Fiber fracture, shear and/or 
tensile fracture of the matrix 
between fibers. 


O 

o 


Intralaminar matrix cracking. 


90° 


Tensile failure of the matrix 
between fibers. 


(± '*5°. ± 95°>3 


Tensile cracking in the matrix 
between fibers followed by 
delamination and fiber fracture. 
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Table 2 



Specimen Identification 

LVIB: Unidirectional, 10® off-axis 

LV4A and LV4Ci Unidirectional, 10® off-axis 

LV2B, LV2C, LV20, LV2H: Unidirectional, 90® 

LV5C, LV5D, LV5G, LV5Hi Unidirectional, 0® 

LV5CA: (+ 45®, + 45® )„ (uncoated) 

LV5CG, LV5CJ, LV5CII (+ 45®, + 45® )„ with polyvinyl 

S 

alcohol coated between 4th and 
5th plies. 
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Table 3 

Specimen Dimensions 



Specimen Overall Gauge Width 

Length Length 



10 



o 



90 



o 



0 ° 



1 ^5 



o 



LVIB 


301.6 


mm 


LV 4 A 


301.6 


mm 


LV 4 C 


301.6 


mm 


LV 2 B 


254.0 


mm 


LV 2 C 


254.0 


mm 


LV 2 G 


254.0 


mm 


LV 2 H 


254.0 


mm 


LV 5 C 


254.0 


mm 


LV 5 D 


254.0 


mm 


LV 5 G 


254.0 


mm 


LV 5 H 


254.0 


mm 


LV 5 CA 


254.0 


mm 


LV 5 CG 


254.0 


mm 


LV 5 CI 


254.0 


mm 


LV 5 CJ 


254.0 


mm 



174.6 


mm 


12.7 


mm 


174.6 


mm 


12.7 


mm 


174.6 


mm 


12.7 


mm 


120.6 


mm 


12.7 


mm 


120.6 


mm 


12,7 


mm 


120.6 


mm 


12.7 


mm 


120.6 


mm 


12.7 


mm 


120.6 


mm 


12.7 


mm 


120.6 


mm 


12,7 


mm 


120.6 


mm 


12.7 


mm 


120.6 


mm 


12.7 


mm 


120,6 


mm 


12.7 


mm 


120.6 


mm 


12.7 


mm 


120.6 


mm 


12.7 


mm 


120.6 


mm 


12.7 


mm 



Thickness 



1,029 mm 
1 . 04 l mm 
1.035 mm 

0.978 mm 
0,991 mm 
0,991 mm 
0,991 mm 

1.016 mm 

1 . 04 1 mm 

1 . 04 1 mm 

1.016 mm 

0.975 mm 
0.978 mm 
0.970 mm 
0,978 mm 
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Table 5 

Summary of Mean and Standard Deviation of Failure Loads 

Specimen Type Mean Standard Parameter 

Failure Deviation of Scatter ♦ 

Load (kN) (kN) 



90° 


0.831 


0.0887 


0.1068 


o 

o 


6.664 


0,2249 


0.0337 


0° 


20.672 


6.1170 


0.2959 


(± '*5°. ± 45°>3 


2.310 


0.0796 


0.0345 


* Parameter of 


Scatter = 


Standard Deviation/Mean 



100 



Notes for Table 6 



AS-1 graphite fiber (Hercules) had a tensile modulus 
(secant) of 237.9 x MPa, The ultimate axial 

strength was 2.83 to 3.10 x MPa. 



PR-288 neat resin (3M) had a tensile modulus (secant) 
of 3.^5 X 10^^ MPa. The ultimate axial strength was 
57.92 MPa. 

All specimens had a fiber volume fraction of 0,52, 
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Table 8 



Summary of Paired-Sample t Statistics 
over Frequencies 125 kHa to 800 kHs 





0 ° 


O 

O 

sH 


90° 


± 45 


0 ® 


16.7 


25.0 


31.2 


56.2 


O 

o 


25,0 


66.7 


50.0 


50.0 


90° 


31.2 


50.0 


66.7 


56.2 


1 45 ° 


56.2 


50.0 


56.2 


83.3 



Level of significance 0.7^ 

Degrees of freedom => 6? 

This Table gives the percentage of specimen comparisons 
for which the hypothesis that "both specimens had the 
same mean normalised spectral energy distribution” was 
not rejected. (The higher the number, the more similar 
are the spectra) 
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VITI, APPENDICES 



Appendix A, Techniques of Mo nitoring Acoustic Emission 

Of several techniques of 'nonitorinc- acoust5c 

c'Tiission, (AE) the Tiore popular measure AE event count, 

AE event rate count, ring down or upcrossing AE count, ring 
down AE count rate, AE-RMS, AE amplitude distribution and 
spectral analysis. Without exception, these techniques 
depend upon some type of transducer that will convert 
vibrational energy into an electric analog signal. Most 
transducers respond to acoustic emission at their natural 
resonant frequency. After^ necessary amplification, event 
counters are triggered each time the transducer is excited 
by a transient acoustic emission event. Event rate 
devices simply differentiate the accumulative AE event 
counting registers. Since most transducers are not 
critically damped, they will resonate or ring for a 
certain period after excitation. Most event counting 
devices will not count faster than this required damping 
period. Consequently, such devices are not as useful for 
applications where multiple acoustic emissions or 
continuous acoustic emissions are to be monitored. 

Ring down or upcrossing counting devices trigger 
each time the signal voltage rises above a pre-set voltage 
threshold. Consequently, a single acoustic emission can 
register as several counts, as the transducer's response 
resonates above the threshold voltage several times. 
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Also, interm ittant excursions of the system's background 
noise above the voltage threshold will also register as 
counts. The procedure is generally to set the threshold 
level such that the system is predominantly triggered by 
acoustic emission excitation and only infrequently by 
system background noise. For narrow band, resonant 
transducers, where the damping is independent of amplitude 
and frequency, Beattie (18) shows that the ring-down count 
is related to the energy of the acoustic emission signals. 
Ring-down count rate devices simply differentiate the 
accumulative count registers. 

RMS devices sample the amplified signals from the 
system and transducer and measure the root mean square of 
the total resulting signai voltage over prescribed time 
intervals. Such devices are especially useful in 
measuring multiple or continuous acoustic emissions which 
might saturate other devices. 

Amplitude distribution devices generally measure the 
voltage amplitude of all AE or noise source events that 
rise above a pre-set minimum voltage threshold or in som.e 
cases fall within a pre-set voltage acceptance window. 

The numbers of events having particular amplitudes are 
stored in designated registers for later generation of an 
amplitude distribution output after many samples have 
been accumulated. 



106 



The same transient acoustic emission event must be 
input many times into a spectral analysis device to enable 
sufficient samples to be taken for the generation of the 
AE event’s spectral energy distribution. This is made 
possible either by playing a loop of tape which contains 
only the AE event over and over again, or alternatively 
displaying one frame of a video tape recording, which 
contains the AE event, in stop action mode, A very wide 
band frequency response is easily obtainable with the 
latter technique. The additional utilization of a signal 
time-gate, synchronized to open during the AE event and to 
close at all other times, enhances the signal to noise 
ratio input to the spectral analyzer. The spectral 
analyzer is essentially a variable frequency, narrow- 
band filter with an RMS meter or scope to display the 
filter output. The filter’s center frequency is 
continuously varied across a selected bandwidth at a pre-set 
scan rate, A long averaging time (low scan rate) and a 
sharp filter with a very narrow bandwidth will enhance 
the accuracy and the resolution of the measured spectral 
density. 

One of the minor difficulties encountered in spectral 
analysis is separating the spectrum of the AE event from 
the spectrum of the system background noise upon which the 
AE spectrum is superposed. Newland (19) addresses such a 
problem in his discussion of the output spectral density 
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resulting from the input of two random process sample 
functions. Assuming that an AE event and the system 
background noise are independent random events with no 
correlation, the output spectral density is given bys 



S^(f) = 



H, (f) 



(f) 



H2(f) 



(f) 



where ^^(f) = mean square voltage spectral density 
which is output from the spectral analyzer due to the 
input of the AE event superposed upon system background 
noise . 



S (f) = mean souare voltage spectral density of the 
acoustic emission event which is input into the spectral 
analyzer. 



S (f) = mean square voltage spectral density of the 

X2 

system's background noise which is input into the 
soectral analyzer. 

H^(f) = the transfer function which yields the measured 
1 

spectral density of the AE event. This measured spectral 
density, when averaged, is directly proportional to the 
spectral density of the AE event input. 
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H2(f) “ "the transfer function which yields the measured 
spectral density of the system's background noise. This 
measured spectral density, when averaged, is directly 
proportional to the spectral density of the system's 
background noise. 

The assumption of independent random processes allows 
for the separation of the AE event's spectrum from the 
system background noise spectrum by a very simple process. 
First, a sample is obtained of system background noise 
occurring over an equal time duration as the AE event. 

This noise sample should be taken just prior to the AE 
event to insure independence. The mean square voltage 
spectral density of the system background noise is 
generated, maintaining the control settings on the 
spectral analyzer just like those used for processing the 
AE event itself. The mean square spectral density of 
the AE event can then be obtained by subtracting the 
system background noise spectrum from the spectrum which 
was measured due to input of the AE event superposed on 
background noise. Because the durations of the AE event 
and the sample of the system background noise are identical, 
the spectral energy density of the AE event may be obtained 
by dividing its mean square voltage spectral density by the 
50 ohm input impedance of the spectral analyzer and then 
multiplying this quotient by .the duration of the acoustic 
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emission event. If a presentation of normalized spectral 
energy distribution is desired, where normalization is 
done with respect to the total energy under the spectrum, 
the following procedure may be used: 

The spectra can be divided up into incremental areas. 
The width of each area can be governed by the maximum 
resolution of the spectral analyzer. ( In this work this 
resolution was 10 kHz.) The height of each incremental 
area is governed by the ordinate of the mean square voltage 
spectral distribution multiplied by the duration of the AE 
event and divided by the 50 ohm input impedance of the 
spectral analyzer. The area in each increment represents 
( for a two sided spectrum ) one half of the AE event’s 
energy which exists within that particular incremental 
band of frequency. This incremental area is divided by 
the total area under the energy spectrum within the band- 
width of the AE system. This total area is simply the 
total area under the mean square voltage spectral distri- 
bution times the AE event’s duration, divided by the 50 ohm 
input ' impedance . Conveniently, the AE event’s duration and 
the input impedance cancel out in the normaLization 
procedure. To economize on computer time the normalized 
spectral energy distribution is obtained by simply 
normalizing the mean square voltage spectrum with respect 
to A spectral energy distribution which is 
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ized with respect to total. AE event energy, ie 



potentially ieri'~eable because it allows 
spectral energy distribution comparisons 
different AE events, independent of each 



for direct 
between two 
ind i vidual 



event’s total energy. 
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Appendix B. CoiTiputer Program 



The followinf^ computer prop;ram was written to 
accept di^^itized RMS voltap;e spectra (linear scale), 
generate and plot the normalized spectral energy 
distribution for each AE, compute and plot mean normalized 
spectral energy distributions for each specimen, and 
statistically compere one specimen's mean spectrum to 
another specimen's mean spectrum using the paired-sample 
t test. 
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X.E. SPECTRA lfOR?!ALI2ATlOW# PLOT ^ IHD PAIRED T STATISTI 



niTECER 3 

I!!T£CER^2 UAB(«0) 

REAL ARRAY ( <i , 88 ) , XSCL( A ) 

REAL ARAY(2,R8) 

DIKERSION IA(R8),A(89),R(39),C(89) ,D(R8)rE(89),F(88),G(88),FREQ(93- 
•),f«^SAJI(e8),T3EA*i(1S,8 8),TST0(15,38),ST0(88) 

DIREYSIO}! IB(89) 

DELTA «10. 

FRE0(1)*127.5 

riE0(2)»135. 

Q.D 

DO 1 T»3,89 
FREO(I)«F?EQ(I-1)^10. 

1 COSTIROE 
HIKE *0 

READ (6,3) 8AR3E 

2 CALL riRTT(F,3,FflEA!f,STD,P,89) 

3 fOlHAT (IS) 

5 00 • I»1,89 

IA(I)»0 .. 

A(I)«3. 

I»CI)»D 

R(I)-D* 

C(I)«0. 

IPilwT.SS) GO TO 8 
D(I)«D. 

ECI)»D* 

8 C01T11UE 

9 3EAD(9,300) lA 
3)0 FOR’fAn 1SI5,I4) 

DO 10 I»1,R9 
A(1)*FL0AT(IA(I)) 
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.S. SPECT9X H3R«!aiZ>lTI0P, PLOT, MID PRIRED T STATISTIC 

10 C31TI1UE 

tiEAD(a,300) T3 
DO 20 I»1,89 
B(I)*FLOAT(ie(I)> 

C(I)« A(I)*«2.-3(I)**2.0 
20 COMTIttOE 

D(1)»(C(1)*C(?))*DELTA/4. 

S0«»0(1 ) 

DO no 1*2,88 

D(l)*( (C(I>^C(J))*DELTA)/2. 

suB»o(i)*sun 

• 0 CO9TM0E 

READ(A,718)XLAa 
KR1IE(S,719)XLAB 
WRITE (5,301)30?’. 

301 FORBAK* SOB* *,E1*.7) 

IfCSBH.LT.O.) 30 TO **2 
SO TO ** 

%2 R£AD(9,‘»00)B 

ir(B.LT.O) GO TO *98 
CO TO 5 

9* 00 50 1*1,68 

E(I)*0<I)/SOI' 

• 5 ABAI(1,n«EU) 

IF <AB»T(1,l).GT.O.) GO TO <»« 

»R»T(1,I)*0. 000001 
96 .1RAF(2,I)*FRE0(I) 

50 CORTIBOE 
NTABS*2 
SPTS-39 
LABEL*-* 

ISCL*-2 
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A.B. SfECTBA KDRr.ALIZATIOJt^ PLOT, AHD PAIRED T STATISTIC 

FflKE^O. 

looK^y. 

ROVE « 1 
RR0W*2 
RX-2 

DATA VSCL/100,^1000w3* 

IPCIKE.Lr.RAPSnCO TO 59 

CALL PICTR(AfiAI^MRDW,UAB^XSCL,NVAFS,NPrs^NX^f!0VErLA3EL,ISCL^FTIME 
•.LOOK) 

59 CONTINUE 
DO 60 I«1.88 
F(I)«<E(I)^F(I) ) 

G(I)«(E(I)**2,0)^C(I) 

60 COKTIRUE 

5DW PEAD EITHER A TITLE CARD CONTAINING A POSITIVE INTEGER IN 
COLU:iNS OWE AND TWO OR A NEGATIVE NONBeR IN COLUMNS ONE AND TWO. 

A POSITIVE HUMBER INDICATES THAT A NEW SPECTRA FROM THE SAME 
SPECIMEN IS TO BE PROCESSED. A NEGATIVE NUMBER SIGNALS THE END OF 
SPECTRA TO BE PROCESSED FOR ANY ONE SPECIMEN AND ALLOWS THE 
PROGRAM TO GO ON. 

BBAD(9.b00)M 
kjQ FOBCArCI) 

HIKE « 1 ♦ HIKE 
IF(M.LT.O)GO TO 5D0 
P»P^1. 

CO TO 5 

IT IS IMPORTANT TO INCLUDE A NESATIVF NUMBER IN COLUMNS 1 E 2 
AFTER ALL OF THE SPECTRAL DATA OF AST ONE SPECIMEN. 

498 P*P-1. 

500 P»?>1.0 

P INDICATES HOW MANY SPECTRA WERE READ IN FOR EACH SPECIMEN 
MOH CALCULATE THE MEAN SPECTRAL SIGNATURE WITH ITS STANDARD 
DETIATICN FOR EACH SPECIMEN. 
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A.E. SPECT-^I HDR«ALI3ATI0N^ PLOT^ M«D PURED T STATISTIC 
D3 5SD I»1,88 

SrD(I)*SQRT(AR5((P*G(T)-F(I)**2.)/(P*(p.l.)))) 

FlEAlId)* F(l)/P 
550 C3STINUE 
0*Q^1 

C -0 COOfITS THE WOMBEB OF SPECIHENS AND IS AN INTEGER 
D3 623 I«1,88 
TSEAII(O^I)»F*fEAN(I) 

TSTD(3,I)»STDCT) 

620 CO^ITINOE 

READO#a00)K 

FOLLOWING THE NEGATIVE INTEGER PLACED AT THE END OF A SPECIMEN'S 
DATA SET, ADD AN AODTTIOtAL K CARD. A BLANK CARD OR POSITIVE NO. 
IN COL. 1 t 2 INDICATES THAT SORE SPFCINSNS ARE TO 3E READ. 

A NEGATIVE NOHDER IN COLUNNS 1L2 INDICATES THAT ALL DATA HAS 
BEEN BEAD FROS ALL OF THE SAHPIES. 

ira.iT.o) CO TO too 
CO TO 2 
700 CONTINOE 

THE rOLLONlNC PLOT BOOTIIE REQUIRES Q TITLE CARDS, ONE FOP EA 
SPECIMEN THAT HAS ANALTZEO. THESE CARDS FOLLOW TWO NINOS INT 
CAIOS HwICH laDICATED THAT AIL SPECirSNS* DATA HAD BEEN PFAD 
THE riBST rORTI C0L0R1S HILL BE USED TO LABEL THE X AXIS AND THE 
SECOND FORTY COIOHNS HILL BE USED TO LABEL THE I AXIS. 

RTABS-3 
UiEL«N 
NIOBM 
NX«N 
H0fE*-1 
DO 720 J»1,Q 
DO 715 I»1,B8 
ABBAyn,l)«TNEAN <J#I) 
ir(APRIT(1#I).GT.0.) GO TO 710 
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A.E. SPECTRA 'ORflALIZATIOS , PLOT, ASD PAIRED T STATISTIC 

ARRAY(1,I)»0. 000001 
710 ASRAr(2,I)-T!1EA»t(J,I)-IST0U,l) 
ir( ARRAI(2,I).GT.O. ) CO TO 712 
ARaAI(2,I)“0. 030001 
712 .ASRAT(3,I)»TBRAN(J,I)*TSTD( J,I) 

IF(ABRAI(3,I).3T.O.) 30 TO 71U 
ARBAI(3,I)>0. 000001 
71« ABHAT(4,I)=FHE0(T) 

716 COUTTIUE 

RCAO(3,719)ZLAB 
BRITE(<i,718)XLAB 
718 rORRAT (40A2) 

PAUSE 2 

CALL PICTR(ARRAr,RB0S,XLAB,XSCl,XVARS,BPT3,NX,H0VE,LA3EL,ISCL,rTI« 
•E,lOOO 
720 COKTI10E 

THIS HEXT BOOTIfE COR**E!»CES A PAIRED SAMPLE T STATISTICAL TEST OF 
e7 DECREES OF FBEEDOn. IT TESTS THE NULL HTPOTHESIS THAT ONE 
SPECIMEN'S HEA* NORMALIZED SPECTPAI SICNATORE IS FROM THE SANE 
EXSE.1BLE AS AKOTHER SPECIIEN'S MEAN NORMALIZED SIGNATURE. THIS 
TEST '.SSUMES THAT EACH SPECIMEN'S SIGr’ATUaS COMES FROM A NORMAL 
POPULATION OF SAMPLE SPACE MEAN SPECTRAL SIGNATURES. THEN THE 
PAIRED T STATISTIC MAT BF USED RF3ARPIESS OF WHETHER THE SAMPLES 
ABE INDEPENDENT ( SAMPLES MAI BE DEPENDENT UPON FREQOENCI ) 09 
WHETHER THE POPOlAtlOM lAHIANCES ARE E3UAL ( THE! PS03ABLI ARE 
NOT ) 

THIS SECTION OF THE PROGRAM REQUIRES THAT AT LEAST TWO SPECIMENS 
BE AHILAiJLS FOB ANALYSIS. (0 MUST RE 3RSATER THAR ONE ) 
IF(Q.LT.2) GO TO 730 
l»Q-1 

DO 730 K=1,l 
DO 733 J=1,Q 
IF(J.ST.O-K) GO TO 730 
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s'pECTflA !»DRKALTZATION, PLOT, AND PAIRED T STATISTIC 



MD 

OD 725 1*1, B8 
r(i)»T?:EAN(j,i) 
G(I)»TNEAM(NO,T) 
725 COailMUE 



T*0* 

CALL PAIRT(F,C,T) 

W3ITEr5,740) T,J,NO 
730 COKTIKOE 

740 FDBMATC PAIRED T STATISTIC IS 
•SPECIflEK •, 12) 

STOP 

END 

♦NAIll^ HAS NO ERRORS 



• ,E14.7,* FOB SPECIBEM 



12, • AND 



U 
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A.E. %?ZCJ9\ RDR^tALIZATlO?:, PLOT, ARD PAIRED T STATISTIC 



SDBPO^TI'iE PAIRT(A,B,T) 

DIWERSIO?? A(6B),P.(66),A1(98),A2(P8) 

D«0. 

C«0* 

DO 800 1*1,69 
A1(I) * A<I)-B(I) 

A2<I) * A1(I)^*2. 

C*A1(1) ♦C 
D» 12(1) ^D 
900 COITINUE 
E«C/68. 

SO»((0-(C^*2.)/68.)/4SS6,)**0.5 

T-E/SO 

RBI0B1 

EiO 

SOBIOOTIRE FI»IT(A,3,C,0,E,!«) 
DISE55I09 A(89),B(8B),C(89),D(98) 
DO ISO i-nw 
A(i)*:» 

B(r>«o. 

D(I)«0* 

850 CONTINUE 

C>0, 

FETUBH 

FJD 



C 
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Appendix C. Tabulation of AE Spectral Energy. AE 
Pressure (R^'^S) E xcitation of the Transducer, and 
Presentation of Nor-^.alized Spectral Energy Distributions 
for Each AE Event 



1. Normalized AE spectral energy distributions are 
presented for each AE sampled just prior to specimen 
rupture , 

2. The group of normalized AE spectral energy 
distribution graphs for each specimen are preceded by 
a tabulation sheet containing the graph identification 
code numbers (from the X axis on each respective graph) 
AE energies used to normalize each of the graphs, and 
their AE pressure (RMS) excitation respectively. 

3. The units on the Y axis of each graph are non- 
dimensional. The procedure used to normalize the AE 
spectral energy distributions is accomplished as follows 

a. The spectral energy distribution of an AE is divided 
into to kHz wide increments between 130 kHz and 1 MHz. 

b. Each incremental area is divided by the summation of 
all of the incremental areas. (This is energy divided, 
by energy. ) 

c. The resulting value represents the fraction of total 
detected AE energy contained in each 10 kHz wide band- 
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width (frequency increment). Each of these values is 
plotted at the mid-frequency of their incremental 
bandwidth to generate a "normalized spectral energy 
distribution " , 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 



Spectral Distrib. Energy per AE RMS Pressure Across 

Graph Code Number (Joules) Face of Transducer 



(Pa X 10^) 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 



Spectral Distrib. 
Graph Code Number 


Energy per AE 
(Joules) 


RMS Pressure Across 
Face of Transducer 

(Pa X 10^ ) 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 



Spectral Distrib, 
Graph Code Number 


Energy per AE 
(Joules) 


RMS Pressure Across 
Face of Transducer 

(Pa X 10^) 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 



Spectral Distrib, 

Graph Code Number 

LV2H 0118MAR77 
0218MAR77 
0318MAR77 
0418MAR77 
0518MAR77 
0618MAR77 
0718MAR77 
0818MAR77 
0918MAR77 
1018MAR77 
1118MAR77 
1218MAR77 
0119MAR77 
0219MAR77 
0319MAR77 
0121MAR77 
0221MAR77 
0321MAR77 
0421MAR77 
0521MAR77 
0621MAR77 
0721MAR77 



Energy per AE 
(Joules) 



135.25 


X 


10-9 


306.51 


X 


10"9 


280.24 


X 


10-9 


410.84 


X 


10-9 


1.0054 


X 


10-6 


179.95 


X 


10"9 


388.96 


X 


10"9 


119.82 


X 


10-6 


2.1332 


X 


10-6 


1.3396 


X 


10-6 


1.4000 


X 


10-6 


1.7662 


X 


10-6 


116.28 


X 


10-9 


241.21 


X 


10-9 


125.80 


X 


10-9 


265.88 


X 


10-9 


771.25 


X 


IQ-9 


506.68 
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10-9 


2.1499 


X 


10-6 


158.70 


X 


10-9 


1.2939 


X 


10-6 


2.1031 


X 


10-6 



RMS Pressure Across 
Face of Transducer 

(Pa X 10^ ) 

63.82 

87.01 

74.22 

123.14 
135.67 
74.22 

101.15 

72.13 
175.05 

148.13 
151.44 
170.09 
71.06 
89.69 
81.93 
100,25 
121.73 
106.51 
180.96 
67.63 
126.92 
166.31 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer’s Face for Each Spectra 

Spectral Distrib, Energy per AE RMS Pressure Across 

Graph Code Number (Joules) Face of Transducer 

(Pa X 10^) 



LV2H 0821MAR77 


1 . 055 ^ 


X 


10 ’^ 


147.98 


0921MAR77 


673.47 
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10 “^ 


113.28 


0110MAR77 


2.3945 
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10 -« 


193.03 


0210MAR77 


848.16 
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10 "^ 


122.82 


0310MAR77 


1.5972 


X 


10-^ 


156.87 


0410MAR77 


132.91 
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lo"^ 


72.98 


0510MAR77 


261.59 
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82.05 
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Summary of Ener;^ per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 



Spectral Distrib. 

Graph Code Number 

LVIB 0122FEB77 
0222FEB77 
0322FEB77 
0422FEB77 
0123FEB77 
0223FEB77 
0323FEB77 
0423FEB77 
0523FEB77 
0623FEB77 
0723FEB77 
0823FEB77 
0923FEB77 
1023FEB77 
1123FEB77 
1223FEB77 
1323FEB77 
1423FEB77 
1523FEB77 
1623FEB77 
1723FEB77 
1823FEB77 



Energy per AE 
(Joules) 



284.06 


X 


10 "^ 


140.27 


X 


10 “^ 


21.626 


X 


10 “^ 


102.54 


X 


10-9 


17.952 


X 


10"9 


47.606 


X 


0 

1 


22.855 


X 


io"9 


125.98 


X 


io"9 


73.631 


X 


io"9 


145.89 


X 


io“9 


53.872 


X 


io"9 


116.46 


X 


10“9 


259.37 


X 


0 

1 

MD 


110.16 


X 


lo"9 


27.308 


X 


10"9 


15.637 


X 


10"9 


32.859 


X 


10"9 


48.236 


X 


10-9 


34.290 


X 


10-9 


65.353 


X 


0 

1 


20.274 


X 


10"9 


130.48 


X 


10-9 



RMS Pressure Across 
Face of Transducer 

(Pa X 10^ ) 

103.00 

72.38 
44.94 

70.07 
45.21 

53.38 

42.89 
78.68 
52.44 
80.16 
60.59 
75.26 

91.07 
69.00 
53.23 

49.33 
52.81 
55.17 
50.61 

62.34 
53.56 

76.90 
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Summary of Ener^ per Acoustic Emission and RMS Pressure 
Across the Transducer’s Face for Each Spectra 

Spectral Distrih, Energy per AE RMS Pressure Across 

Graph Code Number (Joules) Face of Transducer 

(Pa X 10^ ) 



LVIB 1023MAR77 


23B.82 


X 


lo"^ 


117.32 


1123MAR77 


2.4299 


X 


10"^ 


230. 51 


1223MAR77 


159.98 


X 


10"^ 


123.77 


1323MAR77 


535.20 


X 


lO"*^ 


175.63 


1U23MAR77 


216.33 


X 


10"^ 


104.21 


1523MAR77 


2.5170 


X 


10"^ 


267.27 


1623MAR77 


285.55 


X 


10"^ 


110.09 


1723MAR77 


202.23 


X 


io"° 


125.70 


1823MAR77 


197.65 


X 


10"^ 


76.06 


1923MAR77 


949.71 


X 


10-9 


127.15 


2023MAR77 


119.61 


X 


10-^ 


708.26 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Pace for Each Spectra 



Spectral Distrib. 

Graph Code Number 

LV4A 0119FEB77 
0219FEB77 
0319FEB77 
0419FEB77 
0519FEB77 
0619FEB77 
0719FEB77 
0819FEB77 
0919FEB77 
1019FEB77 
1119FEB77 
1219FEB77 
1319FEB77 
1419FEB77 
1519FEB77 
1619FEB77 
1719FEB77 
1819FEB77 
1919FEB77 
2019PEB77 



Energy per AE 
(Joules) 



93.634 


X 


10’9 


94.549 


X 


10’^ 


67.462 


X 


10-9 


58.222 


X 


10-9 


47.261 


X 


10-9 


87.986 


X 


10-9 


69.420 


X 


lo“9 


80,749 


X 


10-9 


77.356 


X 


lo"9 


60.352 


X 


lo“9 


224.96 


X 


10-9 


74.454 


X 


10-9 


35.989 


X 


10-9 


19.971 


X 


10’9 


529.30 


X 


10-9 


25.163 


X 


10-9 


48.637 


X 


10-9 


19.216 


X 


10-9 


1.0218 


X 


10-^ 


49.909 


X 


10-9 



RMS Pressure Across 
Face of Transducer 

(Pa X 

75.10 

75.47 

69.61 

71.95 

64.83 
72.80 
64.67 
69.74 
68.04 
75.07 

94.34 

65.91 

62.88 

46.84 

120.03 

57.94 

59.80 

50.63 

162.79 

68, 26 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 

Spectral Distrib. Energy per AE RMS Pressure Across 

Graph Code Number (Joules) Face of Transducer 

(Pa X IC^) 



LV4C 0105FEB77 


30.114 


X 


10"^ 


47.62 


0205FEB77 


136.38 


X 


10"9 


83.65 


0117FEB77 


60.006 


X 


10-9 


52.03 


0217FEB77 


1.2944 


X 


10-6 


131.87 


0317FEB77 


76.303 


X 


10-9 


71.72 


0417FEB77 


26.521 


X 


io"9 


55.64 


0517FEB77 


40.270 


X 


io"9 


67.92 


0617FEB77 


95.416 


X 


io"9 


71.35 


0717FEB77 


270.46 


X 


10-9 


84.46 


0817FEB77 


208.88 


X 


io"9 


82.72 


0917FEB77 


78.044 


X 


io"9 


72.40 


1017FEB77 


293.95 


X 


10"9 


88.11 


1117FEB77 


1.0465 


X 


10“6 


145.59 


1217FEB77 


116.92 


X 


10-9 


21.599 


1317FEB77 


211.88 


X 


10-9 


68.30 


1417FEB77 


180.45 


X 


10-9 


86.73 


1517FEB77 


2.0712 


X 


10-6 


162.99 


0118FEB77 


111.34 


X 


10-9 


59.57 


0218FEB77 


525.35 


X 


10-9 


121.00 


0120FEB77 


CO 

CO 


X 


10-9 


128.85 


0220FEB77 


79.977 


X 


10-9 


79.72 


0320FEB77 


61.196 


X 


10-9 


56.90 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 



Spectral Distrih. 
Graph Code Number 


Energy per AE 
(Joules) 


RMS Pressure Across 
Face of Transducer 

(Pa X 1 ) 


LV4c 0420FEB77 


151.62 X 


10 "^ 


86.78 


0520FEB77 


295.07 X 


10 "^ 


90.82 


0620FEB77 


1.1095 X 


10-6 


142.53 


0720FEB77 


73.870 X 


10"^ 


75.19 


0216FEB77 


136.38 X 


10 "^ 


83.64 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer’s Face for Each Spectra 



Spectral Distrib. 
Graph Code Number 


Energy 

(Joules 


per AE 
0 


RMS Pressure Across 
Face of Transducer 

(Pa X 10^) 


LV5C 0126FEB77 


49.645 


X 


10-9 


69.85 


0226FEB77 


92.405 


X 


10 '^ 


70.22 


O 326 FEB 77 


9.6739 


X 


10-9 


40.52 


0426FEB77 


34.964 


X 


lo“9 


61.97 


0526 FEB 77 


101.82 


X 


io“9 


83.00 


O 626 FEB 77 


44 . 544 


X 


10-9 


67.61 


O 726 FEB 77 


179.37 


X 


10-9 


83.53 


0826FEB77 


932.57 


X 


10-9 


142.30 


0926FEB77 


165.52 
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10-9 


79.42 


1026FEB77 


130.91 
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10"9 


73.87 


0127FEB77 


747.99 
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10-9 


140.06 


0227FEB77 


147.70 
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lo"9 


82.02 


O 327 FEB 77 


169.17 


X 


10-9 


87.78 


0427FEB77 


80.192 
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10-9 


63.62 


0527FEB77 


230.10 
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10-9 


93.27 


0627FEB77 
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10-9 


95.47 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer’s Face for Each Spectra 



Spectral Distrib, Energy per AE RMS Pressure Across 

Graph Code Number (Joules) Face of Transducer 

(Pa X 10^) 



LV5D 0102MAR77 


36.426 
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58.32 
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59.885 
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10-9 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 



Spectral Distrib, Energy per AE RMS Pressure Across 

Graph Code Number (Joules) Face of Transducer 

(Pa X 10^) 



LV5G 0121FEB77 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 



Spectral Distrib. 

Graph Code Number 

LV5H 0104MAR77 
0204MAR77 
0304MAR77 
0404MAR77 
0504MAP77 
0604r/lAR77 
0704 mAR77 
0804MAR77 
0904MAR77 
1004MAR77 
1104MAR77 
1204MAR77 
1304MAR77 
0108MAR77 
0208MAR77 
O308MAR77 
04o8MAR77 
0508MAR77 
O608MAR77 
0708MAR77 
0808MAR77 
0908MAR77 



Energy per AE 
(Joules) 



26.764 


X 


10”^ 


31.657 


X 


10’^ 


31 .408 


X 


10"^ 


8.4216 


X 


10~^ 


23.627 


X 


10“^ 


38.571 


X 


10-9 


10.352 


X 


10-9 


14.012 
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10"9 


16.728 
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io "9 


84.079 
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41.115 
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io "9 


19.924 
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10-9 


39.082 
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10-9 


26.854 
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10-9 


19.545 
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10-9 


29.020 
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10-9 


14.253 
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10-9 


17.506 
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10-9 


16.465 
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10-9 


16.016 
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10-9 


27.133 


X 


10-9 


28.643 


X 


10-9 



RMS Pressure Across 
Face of Transducer 

(Pa X 10^) 

54.22 

60. 54 

33.5? 

50.94 

65.09 

37.16 

43.23 

47.24 

67.17 

67.20 
58.16 
65.14 

52.78 

45.03 

53. M 

40.79 
48.67 

47.20 
44.65 
54.92 

44.02 
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Summary of Ener^ per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 



Spectral Distrib, Energy per AE 

Graph Code Number (Joules) 



LV5H 1008MAR77 



36.255 X 10“^ 



RMS Pressure Across 
Face of Transducer 

(Pa X 10^ / 
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Summary of Enerj^ per Acoustic Emission and RMS Pressure 
Across the Transducer’s Face for Each Spectra 



Spectral Distrib. 

Graph Code Number 

LV5CA 0130MAR77 
0230MAR77 
0330MAR77 
0430MAR77 
0530MAR77 
O63OMAR77 
0730MAR77 
O 83 OMAR 77 
O93OMAR77 
1030MAR77 
1130MAR77 
1230MAR77 
1430MAR77 
1530MAR77 
I 63 OMAR 77 
1730MAR77 
1830MAR77 
1930MAR77 
2030MAR77 
I 33 OMAR 77 



Energy per AE 
(Joules) 



1.7888 


X 




6.7522 


X 


10"^ 


19.319 


X 


10"^ 


5.4721 


X 


10-6 


16.676 


X 


10-6 


69.977 


X 


IQ-6 


27.469 


X 


10-6 


5.3556 


X 


10-6 


7.1864 


X 


10-6 


6.1334 
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10-6 


4.7946 


X 


10-6 


48.688 
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10-6 


15.673 
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10-6 


48.649 
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10-6 


13.237 
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10-6 


7.5903 


X 


lfl-6 


9.3117 


X 


10-6 


15.569 


X 


10-6 


23.857 


X 


10-6 


12.697 


X 


10-6 



RMS Pressure Across 
Face of Transducer 

(P a X 10^) 

21 8.45 

324.17 

557.67 
316.51 
524.97 
842.27 
623.38 

302.91 

338.68 
306.15 

328.85 

724.95 

447.11 

842.46 

482.91 
403.63 
405.02 
523.74 

543.18 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 



Spectral Distrih. 

Graph Code Number 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer’s Face for Each Spectra 



Spectral Distrib. Energy per AE 

Graph Code Number (Joules) 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer’s Face for Each Spectra 



Spectral Distrib. 

Graph Code Number 
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Appendix D. 



The Paired-Sample t Statis tic 



IT the difference between sample variances is lanp;e 
O’” if it is otherwise unreasonable to treat the population 
variances as beine: equal, several alternative methods 
can be used which do not require the assumption of equal 
population variances. One of these, the paired-sample 
t statistica] test, applies to two random samples of the 
same size, which need not be independent. Briefly, the 
procedure is to work with the differences of paired 
observations, where the first member of each pair comes 
from the first sample and the second member comes from 
the second sample and then use what is called a one-sample 
t test to determine whether the mean of the differences 
is s itpaif icantly different from zero. Two examinations can 
be made at each of " n " different frequencies in the case 
of spectral energy distributions. In many other appli- 
cations, the pairing can be random. The major assumption 
made by the paired-sample t test is that all samples 
come from normal populations ( to within a reasonable 
descree of approximation ), 

The onf’-sample t test can be described as follows: 

Tf X is the mean of a random -sample of size " n " taken 
from a normal population having a mean of zero and an 

unknown variance , then t = x (n''^ is the value of a 

S 
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’-ando-n variable havinpr the Student t d iatri but ion where 
n is th<^ nu"'bor of sa'^ples and S in the sarpple's standard 
deviation. This statistic carries a specification of 
its " dee;ree of freedom "( which is simply n-t ). The 
Shane of a " t ’’ distribution is similar to that of a 
nor-al distribution. Like the standard normal distribu- 
tion, the t distribution has a mean which is equal to 
zero, but its variance depends upon the number of d<^srees 
of freedc^. For large nurrbers of degrees of freedom 
' n greater than ?0 ) the t distribution can be aonroxi- 
mated by th“ standard normal distribution. 

Once th® yalue of t has been calculated it will 
very rarely be zero ( this would imply that the -i^ean 
yalue of thf' sampled differences between two spectral 
distributions is zero 1. However, as the va^ue of t 
ar'^’^oaches zero, the probability or confidence increases 
that th“ mean value of each spect’^al distribution is the 
same, which could imply that both sample normalized 
srectral energy/' distributions come from the same "master" 
or tTie distribution. 

To initiate a test to either reject the hypothesis 
+hat tV'p true -ean of both spectral distributions is the 
sa’^e or to make no re lection decision and tacitly accept 
the hypothesis, requires the selection of a " level of 
significance ". The level of significance ranges from 
values between 0 and 1, The higher the level of 
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si^ificance the more "picky" the test becomes, 
allowing less and less variation between spectral 
distributions. The leve] of significance must be 
carefully selected, particularly in a group of spectral 
enersy distributions exhibiting a great deal of variation. 
An inordinately rigid or high level of significance 
will result in a large number of erroneous rejections of 
sample spectra which actually come from a population 
having the same "master" spectral energy distribution. 
Consequently, the level of significance should be chosen 
only after ^xa-^ining its impact upon sample spectra which 
are known or assumed to be generated by the same predomi- 
nant mechanis-^. The ideal level of significance will 
allow acceptance of most of the sample spectra which are 
generated by th^ same predominant mechanism, and will 
reject those samnle spectra which are generated by 
different predominant mechanisms. 

Once the level of sirni f icance is chosen, the test 
proceeds as follows: 

1. Divide the level of significance by 2. 

2. Refer to either "t statistic tables" or, if 
the differences between the two spectral distributions 
are sa-pl.^d at -’ore than 30 different freouencies, to 
tables of the "normal distribution function," 

3. If the t statistic tables are used, read the 
value of t directly off of the table after entering 
with one half of the level of significance and the number 
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of decrees of froedom ( where the number of def^rees of 
freedom is equal to the number of sampled frequencies minus 
one ), If the normal distribution function tables are 
used, locate the va.lue ( 1 - p ( level of siOTi f i cance ) ) 
and read the value of t off of the chart’s axis. 

If the absolute value of t computed from the 
comparison of the two snectral energy distributions is 
greater than the value of t arrived at in step #3. the 
hypothesis that " both spectra have the same master 
snectral energy distribution " is re.iected. If the 
absolute co'^nuted value of t is less than that which was 
arrived at in step #3, no rejection decision is made and 
the hypothesis being tested is tacitly accepted. 

The fact that frequencies may be sampled at intervals 
to within the limit of spectral resolution capabilities 
of the test instrumentation, and that spectra may be 
compared over any frequency band of interest, makes 
the paired-sample t test a particularly flexible one. 

It is "ost productive when applied over frequencies 
having a significant spectral energy content. 

As an application of the paired-sample t test, 
the mean normalized spectral energy distribution was 
co-puted for each specimen from a sampling of AE spectra 
taken iust prior to specimen failure. Each specimen’s 
mean normal ’ zed spectral energy distribution was then 
compared to al ^ other specimens' mean spectral energy 
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distributions usin? the naired-sanpl e t test between the 
frequencies kHz to 800 kHz. The differences between 
'spectra v/ere computed at 10 kHz intervals ( the limiting 
resolution of the spectral analyzer ) at a total of 68 
differ-nt frequencies, A level of significance of 0.?4 
was used. Table Q lists the specific specimen pairs 
v/hich were rejected by the test, having been judged to 
have statistically significant differences exhibited in 
their spectra. Table 10 gives the value of the t statis- 
tic which resulted from the comparison of each pair of 
specimens , 

For instance, Table 9 indicates that at a level of 
significance of 0.741, if the absolute value of t 
ccmpu'^ed in the paired-sample t test is greater than O. 33 I, 
the specimens c^-nprising that pair will be declared 
" statistically different ". The first pair declared 
statistically dif-^erent is found in the first row of 
Table 9, LV2B and LVIB, Table 10 designates snecimen 
LV23 as j^l and specimen LVIB as #5. Table 10 indicates 
that the t statistic is 0.4807 for the pair comprised 
of specimen and specimen Since .489? is greater 

than . 331 , the specimens in this pair are declared 
statistically dm'fferent. On the other hand, Table 10 
indicates that the t statistic is 0.io40 for the pair 
comprised of specimen ^1 (LV2B) and specimen (LV2C), 
Since .194o is less than .331. this pair in not declared 



statistically different and consequently does not appear 
in Table P. 
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Table 9 

Rejection Tabie for Paired- Sample t Test 



Level of sifmificance = O. 7 U 1 , 

Reject the tested hypothesis that "both specimens have the 
same master mean normalized spectral energy distribution if 
]tf is greater than O. 331 . 



Re jections 



LV2B: 


LVIB, 


LV4a, LV5D, 


LV5G, 


LV5H, 


LV5CA, LV5CG, LV5CJ 


LV2C: 


LV2H, 


LV4A, LV5D, 


LV5G, 


LV5H, 


LV5CA, LV5CG, LV5CJ 


LV2G : 


LV2H, 


LV4A, LV5D, 


LV5G, 


LV5H, 


LV5CJ 




LV2Ht 


LV2C, 


LV2G, LVIB, 


LV4A, 


LV5C, 


LV5D 




LVIB; 


LV2B, 


LV2H, LV5D, 


LV5G, 


LV5H, 


LV5CA, LV5CG 


LV4A: 


LV2B, 


LV 2 C, LV2G, 


LV2H, 


LV4C, 


LV5C, LV5D, 


LV5G, 




LV5H, 


LV5CA. LV5CG, LV5CT, LV5CJ 




LV4C ; 


LV4A. 


LV5D, LV5G 










LV5C: 


LV2H, 


LV4A. LV5D, 


LV5G, 


LV5H, 


LV5CG, LV5CJ 


LV5D: 


LV2B, 


LV2C, LV2G, 


LV2H, 


LVIB, 


LV4A, LV4C, 


LV5C, 




LV5G. 


LViH, LV5CA, 


LV5CG, LV5CI, LV3CJ 




LV5G: 


LV2B, 


LV2C. LV2G. 


LVIB, 


LV4A, 


LV4C, LV5C, 


LV5D 


LV5H: 


LV2B . 


LV2C, LV2G, 


LVIB, 


LV4A, 


LV5C, LV3D, 


LV5CJ 


LV5CA : 


LV2B, 


LV2C, LVIB, 


LV4A, 


LV5D 






LV5CG: 


LV2B, 


LV2C, LVIB, 


LV4A, 


LV5C, 


LV5D, LV5CJ 




LV5CT! 


LV4a. 


LV5D 










LV5CJ: 


LV2B, 


T.V2C, LV2G, 


" V4A, 


LV5C, 


LV«^D. 


LV5CG 



Table 10 



t Statistic Values for Specimen Pair Comparisons 



Note: Each specimen number is indicated on the left hand 

column of the first 15 rows. These specimen 
number desig^iations are then used for identifi- 
cation later in the table, as the value of the 
statistic "t” is presented for each pair of 
compared specimens. 
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A.pp<^rd-^y F. 



AE Spectral Enp rpp/'. AF Pressu re, and 
No'^'ra’’ i z(?d AE '^np.r?y Distribution fro>^ ( *■ , + 4S^) 

' ^ S 

Frec iT^ pns a~* ~ Vorip us Ascend ing Tends 

•^ . Nor'^pJizod AF enorry distributions t-ron rrooi'^ons 
TV'^CA, ■’’V'irG, ond LVACJ ar° presented, 

, The f.p^'ctsal i i stribiit i ons for eact rpoci"'en a.re 
rr? ceded b’'' a snnxary sheet listiny the rraph coc<^ nur’ber, 
+-Wft aa'=’'fp;/ used to nor’^alize the r;raph, R"AS nrerrure o^* 

AE exc itati , ard +be specimen’s ''oad at the time the 
AT? oqrr-nio was taVren. 



" 3 . y axis values are dim^nsi'^nless. 
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Sunnary of F.nerp^/ oor AE and RMS Presouro for Ascending 
T.oads 



Soectral 
D j stributi on 
Graoh Coda 
Nunber 


Energy per AE 
(Joules X 10*^) 


RMS Pressure 
Across Face 
of Transducer 
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Load 

kN 


LV'^CA 








181 PAPR77 


10.032 


363,40 
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767.84 


1.31 
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479,44 


1.33 


l'^12APR77 


27.992 
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1 . 66 


l4i 2APR77 


23.461 
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1 . =^6 


1317APR77 
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611 .3^ 


1 . 66 
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39.^21 
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1.82 


1112ARP77 
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661.83 
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1012APR77 


69.992 


683.23 


1.82 


0912APP77 


66.233 


664.63 


1.82 


OBiaAPP^F 


242.24 


981.07 


2.00 


071 2APR77 


96.000 


705.68 


2.00 


06l 2APR77 
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963.71 


2.00 


0512APR77 
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1453.6 


2.22 


0412APR77 


1322.9 


1675.5 


2,22 


0312APR77 


1114.6 


1894.3 


2.22 


0212APR77 
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5771.8 


2.14 
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aonindriv o3znvwaoN 

O 



0.20 




aonindHv oaznvwaoN 



10 400 600 000 1000 
FREQ (KHZ) LV5CA 1612APR77 LOAD 1.33 KN 



0,20 




30 niI"IdWV 03ZI“lVWy0N 



10 400 600 000 1000 
FREQ (KHZ) LV5CA 1512APR77 LOAD 1.56 KN 



0.20 




3onirndwv aaznvwaoN 

h '' 
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of '’^nerfyv pp>r AF and Pref??ure for Asoendinf^ 

" oads 



Snectral 
Distribut ^ 
G'^a'oh Code 
Nunbe'' 


"OPT 

( Joul «S X ■' 0*^) 


RMS P’^esnure 
Across Pace 
of Transducer 

(Pa X 10^) _ 


Load 

VN 


T V^CJ 
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1 . 3 ^ 
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/j ^ 



FREQ (KHZ) LV5CJ 0113APR77 LOAD 2.00 KN 




I 




FREQ IKH7J LV5CJ iil3APR77 LOAD E. 00 AN 




sarundHv asznvHaoN 



hnn 



FREQ (KHZ) LV5CJ 1713APR77 LOAD 2.00 KN 



0.20 




a 
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a 
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a 

a 

OJ 



in 
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3onindwv oBZinvwaoN 

'i '?■ 



FREQ (KHZ) LV5CJ 0713APR77 LOAD ^.22 KN 



O.EO 




BonindHv oaznvnaGN 






nQO 400 GOQ BOO 1000 

FREQ (KHZ) LV5CJ 0B13APR77 LOAD E.22 KN 



o.ao 




a 

a 

a 

tH 



a 

a 

m 
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a 

tJO 



a 

a 



a 

a 

fij 



o 



m 



a 
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^ a a 
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o o o 



aanindwv aaznvwaoN 



;■ Co 



FREQ (KHZ) LV5CJ 0913APR77 LOAD 2.22 KN 



0.20 




in 

f 

o 



a 

o 



in 

a 

• 

o 



a 

a 

• 

a 



aaniridhv o3znvwaoN 



/f.P-O 



FREQ (KHZ) LV5CJ 1513APR77 LOAD 2.22 KN 



0.20 




a 

a 

a 



a 

a 

CD 



a 

a 

CD 



a 

a 



a 

o 

OJ 



in 

9 

O 



O 



in 

a 

• 

o 



a 

o 

9 

O 



Baniiidwv 032nvwaoN 

h P/l 



FREQ (KHZ) LV5CJ 1Q13APR77 LOAD 2.27 KN 




3anindwv oBzrnvwaoN 



FREQ (KHZ) LV5CJ 1613APR77 LOAD 2.27 KN 



q-jjmnn^r'v o 
oada 


r^r AE ^nd ^MS 


Pr0S?ur0 "^or 


\3oend i n 


Sno ctrai 
Distr ibi’t ’ a*' 
^r’^aph Codp 
Nu"‘b" r 


Fnarry par AE 
CJoule'^ '“' 10^) 


RMS P^PHSur*-"' 
Acroe^n Fac^ 
of T^nnsducpr 

_£p^ j<_j \ 


Load 

kN 


T v'^CG 








0 1 0 Q A PO 9 7 


07 . oc;U 


^ o ^ ^ 


1.^6 


0908*^ P’577 


“I 01 . 8f 


B'i'i. "5 




0dO?ii\ PP'77 


oUo . 


961 . < 


2.22 


OiiORji pp7'-> 


1 1 ii 1 . Q 


1612.6 


2.16 


3 c n P ^ PQ 7 7 


n 


120i^ 


2.26 


o/^0PAP’^P7 


io,^o8.n 


870U.1 


7.26 


•) OOP \po77 


17,Qi|7.0 


UU8B.0 


2.78 


OPOP/l PP77 


77,680.0 


U<.7Q,n 


2 . 18 


0 7 0 3 S pp 7 7 


'I ?0, 7<0.0 


6 l 60.7 


7 _ 7P 


0Q0«APP77 


165,0?0.0 


6618.1 


2.18 


Not® : '5n=> c 




ed to o.Zi7 v:N 


dur ^ np’ 



+ ■*’h^rd '^‘T Irnd’n'^. spnct»^fi samp^pd 

d’lr’n? fourth (and final') cyclo a+ load?. 

Tocc; +;V\qr^ "^^0 ^‘^y^’ri'jiT) 



Uor 



0.20 




a 

a 

a 



a 

a 

03 



a 

o 

to 



a 

a 



a 

a 

OJ 



3anindwv aaznvwaoN 



/: QO 



FREQ (KHZ) LV5CG 010BAPR77 LOAD 1.16 KN 



0.20 




/| PQ 



FREQ (KHZ) LV5CG O2O0APR77 LOAD 2.22 KN 



o.ao 




aanindwv o3znvwaoN 



h 



FREQ (KHZ) LV5CG O3O0APR77 LOAD 2.22 KN 



0,20 




in 

a 



a 

a 



in 

a 

• 

a 



a 

a 

• 

a 



aanindwv a3zinvwaoN 



/i.OO 



FREQ (KHZ) LV5CG O4O0APR77 LOAD 2.36 KN 



0.20 




a 

a 

a 



a 

a 

03 



a 

a 

U3 



a 

a 



a 

a 

(U 



a 



in 

o 



o 



in 

a 

• 

o 



a 

a 

• 

o 



3anindwv a3znvnaoN 

i| 01 



FREQ (KHZ) LV5CG O5O0APR77 LOAD 2.36 KN 



o.ao 



a 




in a in a 

^ ^ a a 
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Appendix F 

Notes on Operational Procedure for Tests and Data Analysis 



A, During the Test 

1. Insulate grips and loading pins with electrical 
tape« This is necessary to prevent spurious electrical 
signals generated by the Instron testing machine from 
saturating the acoustic emission equipment, 

2. Make sure that the grips are tightly bolted onto 
the specimen endtabs. Securing the upper grip before 
placing the specimen in the test machine and securing 
the lower grip after the specimen has been placed in 
the test machine is the recommended procedure, 

3, Remove the cotter pin in the test machine’s 
upper fixture to allow for freedom of rotation in the 
horizontal plane. This will reduce any cross coupling 
torque which might otherwise be introduced in off-axis 
multi-ply specimens during the tensile test, 

4, Electrically ground the 8i>ecimen to the common 
ground of the acoustic emission system. This may be 
done with wire or aluminum foil connecting the specimen’s 
grips to the AE system ground. This will reduce 
electromagnetic interference (EMI), 

5, To further prevent EMI, shield all transducer 
leads and the preamplifier with several layers of heavy 
duty aluminum foil. This shield should be connected to 
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the transducer case. 

6. Some trials and tribulation are necessary before 
locating the optimum path for the cable from the 
preamplifier to the amplifier. Proper positioning of 
the cable in the testing room will reduce EMI. 

7. Take the AE output from the model 201 signal 
processor to the spectral analyzer. Spectral analyzer 
settings should be -20 dB reference and -20 dBm optimum 
input. Spectral analyzer should be run at 200 kHz per 
division in the auto-sweep mode. Video filter should be 
on full and the analyzer's oscilloscope should be in the 
linear presentation mode. If EMI is a problem, the 
oscilloscope will exhibit spikes superposed onto an 
otherwise flat spectmm. Review steps (4-6) if this is 
the case. Check electrical continuity between the 
specimen and the Instron testing machine with an ohmmeter. 
The meter should Indicate an infinite resistance between 
them. If it doesn't, remove the specimen from the test 
fixture and adjust the electrical tape insulation as 
necessary, 

8. The transducer can be attached after the specimen 
is secured in the test fixture. Two size 12 rubber bands 
with viscous resin (SC-6) couplant work quite well with 
12.7 nim. wide specimens. Balancing the trsinsducer with a 
dummy transducer on the opposite side of the specimen will 
minimize any bending moments induced by the weight of the 
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transducer. (This is particularly important with the 
90® specimens) However, both transducers must share a 
common ground, even though the dummy transducer is not 
energized, if EMI is to be effectively eliminated. 

9. Make sure that none of the aluminum foil 
shielding touches the Instron test machine. 

10. Prepare the video tape recorder prior to testing 
by carefully cleaning the helical scan heads. Use the 
procedure in the operator's manual. 

11. Make sure that the tape recorder is on line 
synchronization. 

12. Follow the tape recorder operator's instructions 
to insure that all controls are set to their proper 
positions. 

13. If it is desired to measure AE-RMS on the X-Y 
recorder, calibrate the RMS background noise floor and 
establish that value as a zero baseline. Increase the 
sensitivity of the X-Y recorder and run the zero control 
down so that accurate RMS measurements may be made above 
the noise floor, 

14. Proper selection of scales on the time axis and 
Y axis of the X-Y recorder will greatly reduce later 
required data analysis effort, 

15. Make sure that all leads to the X-Y recorder are 
securely connected. Loose leads will result in severe 
EMI problems. 
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6. Data Analysis 

1. Clean the tape recorder's heads carefully before 
any playback of data. Use the operator's manual as 
necessary to gain facility with the use of slow action/ 
stop action and audio controls. 

2. The tape recorder output is taken to the 
synchronised gate box via a shielded cable. Take the 
"normal trigger" from the gate box to the external 
trigger input of an oscilloscope. Run the oscilloscope 

in the external trigger mode. Take the AE output from the 
gate box to the oscilloscope's Y axis input. Adept use 
of the gate, X axis multiplier, and horizontal position 
controls is essential for rapid data review. The gate 
should generally be operated in the "a+b heads" mode. 

Use of the high or low width control settings on the gate 
box are dependent upon the duration of the signal. 

Verniers for gate width and position may be adjusted to 
accept only the data of interest, 

3. The reels on the tape recorder may be manually 
positioned while the tape recorder is in the stop action 
mode. Sweep time settings on the oscilloscope should be 
adjusted so that one sweep corresponds to one frame from 
the video tape recorder. The edges of the frame can be 
easily located due to the presence of high spurious noise 
in their immediate vicinity. Position these off the edges 
of the oscilloscope by adjusting both the reels and the 
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oscilloscope’s sweep rate control. 

4. After an AE event of Interest is located and gated, 
the spectral auialysis procedvire may commence. 

5. Connections between the spectral analyzer and the 
X-y recorder are available on the back of the analyzer. 

Use the vertical output for the Y axis and horizontal 
output for the X axis inputs to the X-Y recorder. Switch 
the X-Y recorder servo to on. Adjust the horizontal 
calibration control on the X-Y recorder so that one sweep 
of the analyzer's oscilloscope corresponds to ten 
horizontal chart divisions on the X-Y recorder. Then 
complete the operator’s check and calibration procedure, 
as listed in the operator’s manual, while the X-Y 
recorder is in the stand-by mode. 

6. Connect "cal" output to 50 ohm input. 

7. Set "optimum input" to 0 dBm and oscilloscope 
presentation to linear. 

8. Set "reference level" and "reference level fine" 
to zero. 

9. Set "freq span/div" to "F" and "time/div" to 
manual. Turn the video filter control fully clockwise. 

10. With manual control, set the peak of the 
calibration signal at 7.08 on X-Y recorder chart, taking 
care to adjust the X-Y recorder’s zero level. 

11. Iterate between "zero" and "cal" controls on X-Y 
recorder until the calibration signal produces 7*08 
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divisions of deflection on the Y axis of the chart. 
Calibration is now complete. 

12. Pen "up". Adjust X-Y recorder "tero" control so 
the pen is positioned on the horizontal baseline of the 
chart. Position the spectral analyzer’s sweep manually 
so that it is near (but not on) the calibration signal's 
spike on the oscilloscope. Switch X-Y recorder from 
"standby" to "on". Adjust the recorder’s X axis "zero" 
control so that the pen is aligned slightly to the left 
of the intended vertical axis on the chart, 

13 . Pen "down”. Manually run the sweep through the 
250 MHz calibration signal’s spike. on the oscilloacope. 

The pen should follow and trace the spike to the left of 
the chart’s intended vertical axis as a calibration mark. 
Pen "up", servo on "standby", 

14. Change "freq span/div" to 100 kHz, "time/div" to 
one second and "resolution" to the lower of the 10 kHz 
settings (arrows together) . This will give an oscilloscope 
presentation from 0 to 1 MHz, Remove "cal" input from 
spectral analyzer, 

15 . Now turn horizontal axis "zero" control on X-Y 
recorder at least two full turns clockwise. Adjust 
"freq zero" on the spectral analyzer, using procedures 
given in the operator's manual. Analyzer's sweep mode 
should be reset to "single sweep". 
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16, Turn X-Y recorder seirvo to "on", and, after the 
sweep is completed, adjust the horizontal zero of the 
recorder so that the pen is approximately located over 
the vertical axis on the chart. Press the "zero check" 
button on the vertical controls of the X-Y recorder. 

Adjust the vertical zero control while the vertical "zero 
check" button is depressed so that the pen is centered 
over the horizontal axis. Make sure, while the verticail 
"zero check" button is still depressed, that the pen is 
centered over the vertical axis. Pen down (on the 
chart’s origin). Remove finger fron vertical "zero 
check" button. The pen will draw the vertical axis. 

Repeat several times - depress vertical "check zero" and 
release - to darken the vertical axis as desired. Again 
depress the vertical axis "zero check" button and hold it 
down. Pen down. Flick "single sweep trigger" on the 
spectral analyzer. The pen will draw the horizontal axis. 
Check the horizontal axis length and insure that it is 
ten major divisions long. Lift pen, 

17. Release vertical axis "zero check" button. The 
pen will move to the top of the vertical axis. With no 
input to the spectral amalyzer, trigger "single sweep" and 
manipulate the vertical zero control so that the sweep's 
asymptotic zero is on the chart’s baseline horizontal axis. 
The system should now be both calibrated and zeroed. 
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18, Put the X-Y recorder servo in "standby". Now 
zero the frequency on the spectral analyzer using the 
procedure as indicated in the operator's manual. Switch 
analyzer's sweep mode back to "single sweep" when the 
frequency has been properly zeroed on the spectral 
analyzer, 

19, Find an AE event on the video tape using the 
procedures discussed previously. Initiate a "dry run" i 
with pen up and gated AE signal connected to the spectral 
analyzer's "50 ohm input". Set the X-Y recorder’s servo 
on, analyzer sweep rate to "10 sec/div" auid trigger the 
"single sweep." Adjust the gain on the reference level of 
the spectral analyzer until the desired Y axis excursion 
of the XfY recorder is obtained. To compute the Y axis 
calibration, divide all Y axis values on the chart 
(originally ImVjy^g/div) by the "ref dB" gain setting, 

(for instance, an analyzer "-20dB ref" setting means that 
the Y axis on the chart is calibrated at 1 mv/10 per 
division or, more properly, 100 microvolts (RMS) per 
division per unit frequency, ) 

20, Re-zero the frequency on the spectral analyzer 
using standard procedures. Re-zero the chart’s asymptotic 
zero (with no input to the spectral analyzer) several times. 
Set the sweep control at 10 sec/div; set the sweep mode in 
"single sweep," video filter on fully clockwise i input the 
gated signal! switch the servo of the X-Y recorder to oni 



pen dovmt trigger the single sweep, and be sure to flip 
the pen up just before the sweep is completed. 



